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Abstract

In this paper, we study the viability of LEO networks as a failover
network. We contextualize our analysis by framing the capacity of
satellite networks relative to lost capacity due to submarine cable
failure. Specifically, we focus on scenarios where LEO networks
act as failovers for submarine cables, providing a concrete target
capacity to be fulfilled by the satellite network. We introduce a new
model and simulator that help us estimate the failover capacity. We
identify key factors determining the actual capacity available on
the satellite network: the total area of the country, the terminal
distribution policy used by the government, the spectrum allocation
and traffic engineering policies used by the LEO network opera-
tor. Based on our findings, we make policy recommendations to
governments that can result in an increase of up to 1.8X in the
failover capacity without requiring additional infrastructure. How-
ever, we find after implementing all our recommendations, with
200k terminals deployed and no competing traffic in the network,
a satellite network can only satisfy 0.9-14.7% of the capacity lost
due to submarine cable failure in four out of six case studies.
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1 Introduction

Low Earth Orbit (LEO) satellite networks are rapidly expanding,
offering global coverage and playing an increasingly important role
in Internet resilience. Several providers have deployed thousands
of satellites, with plans for many more. LEO systems have already
proven reliable during infrastructure outages [21, 58, 74, 79]. Their
potential for enhancing resilience has prompted governments to
adopt more systematic strategies by a number of different countries
including Ghana [36], Israel [76], Taiwan [19] as well as efforts like
NATO'’s satellite-based backup for submarine cable failures [7].

The performance of a LEO network in emergency scenarios de-
pends heavily on the agreement between the government and the
network operator, raising the question: how should such agree-
ments be structured? Answering this requires navigating a multi-
faceted landscape, with constraints across the network stack (e.g.,
spectrum allocation, traffic engineering) and multiple stakeholders
with differing priorities. These include local governments, existing
LEO users, and operators themselves, each weighing deployment
strategy, political sensitivities (e.g., sovereignty and data access),
and service quality for current customers.

LEO network viability cannot be assessed in isolation. Its value
varies widely depending on perspective. For instance, deploying a
few Starlink terminals to support first responders during a hurricane
can be transformative. But whether that benefit scales to support
an entire city or a nation remains unclear. LEO networks today do
not yet demonstrate elastic capacity at such scales, and large-scale
deployment often requires coordination far beyond local initiatives.
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Tonga Haiti Lithuania | Ghana Great Britain | South Africa
o Lost Capacity because
Y4 of Cable Failure 320 Gbps| 320 Gbps | 101 Gbps | 83,700 Gbps | 400,000 Gbps | 31,700 Gbps
LEO Network Max Capacity 41 Gbps | 1,389 Gbps 2,005 Gbps 2,163 Gbps 3,530 Ghps 4,653
¥5.2 (% of cable capacity) (12.8%) | (434%) (198%) (2.6%) (0.9%) (14.7%)
““| Impact of Population Density Moderate| Signicant | Signi cant | Signi cant Moderate Signi cant
on Network Capacity (50%) (87.5%) (81%) (83%) (51%) (78%)
# Terminals
(for 90% of Max Capacity) 500 20,000 20,000 50,000 50,000 100,000
zgi Bottlenecks RF RF RF Satellite Count| Satellite Count| Satellite Count
Y5.5 Impact of Failover Tra ¢ Minimal | Minimal Local Local Far Reaching | Far Reaching
on Global Coverage

Table 1: Highlighting the maximum capacity a LEO network (Starlink) can provide (in comparison to lost submarine cable capacity) alongwith
number of terminals required to achieve 90% of that capacity, bottlenecks to LEO network capacity, impact of population sparsity, and the
impact on global coverage for the six case studies. Population sparsity impact refers to the impact of population being distributed in smaller
pockets of the nation's landmass. RF bottleneck can be alleviated through more e cient spatial multiplexing (i.e., narrower beams and smaller

coverage cells) or the allocation of more bandwidth.

Compounding this is the opaqueness of LEO system design and
operations, which continue to evolve rapidly as new technology and
regulatory frameworks emerges]. Governments need better tools
and data to inform infrastructure decisions. Likewise, researchers
need models that bridge existing knowledge in capacity planning
for terrestrial networks (e.g., cellular and submarine systems) with
the novel properties of LEO networks.

This paper takes a rst step by evaluating the viability of LEO
networks as national-scale failover for submarine cable disruptions.
National governments, given their reach and bargaining power,
are well-positioned to de ne failover requirements and negotiate
network behavior [L4, 19 29 36 52, o ering a natural setting to
explore cooperative and systematic resilience planning.

Despite the availability of LEO network simulator2§, 44, 45
50, none support scalable analysis of aggregate network capac-
ity under varying terminal distributions, Radio Frequency (RF)
resource allocation, and tra c engineering policies. Most focus on
individual link performance and do not scale to tens of thousands of
satellites and hundreds of thousands of terminals. They also often
overlook RF allocation constraints critical to understanding real-
world capacity limits. To address this gap, we introduce CosmoSim,
a lightweight, programmable, and modular simulator for studying
the aggregate capacity of LEO networks across diverse deployment
and policy scenarios.

Our approach combines empirical data, a realistic simulation
model, and real-world submarine cable failures. Our analysis fo-
cuses on Starlink, the largest deployed LEO network, as it provides
the only example of a network operating at a scale relevant to our
study. Further, our capacity estimates represent an optimistic upper
bound of the failover capacity provided by Starlink, ignoring many
possible ine ciencies in operations and deployment (e.g., poor
weather condition and unavailability of line-of-sight between user
terminals and satellites). However, our simulator can be extended
to capture the behavior of any LEO constellation and incorporate
more realistic network conditions. We focus on six case studies,
countries recently a ected by cable outages, selected based on fac-
tors that in uence satellite capacity, such as land area and gateway

presence. To contextualize our ndings and motivate policy impli-
cations, we compare the capacity lost during each outage with the
capacity Starlink could o er under di erent deployment scenarios.

Our model identi es four key factors that determine the capacity
available in a satellite network: the country's total area and popula-
tion distribution; the deployment of user terminals; the operator's
spectrum allocation policy; and its tra ¢ engineering strategy. We
also evaluate how capacity may evolve as LEO constellations ex-
pand and wireless link performance improves.

Our analysis highlights critical trade-o s that governments and
network operators must consider when planning for emergency
connectivity. These include the e ects of sovereignty-based re-
strictions, terminal deployment strategies, and national spectrum
allocation policies. These insights o er a foundation for coopera-
tion frameworks between governments and satellite providers. A
summary of our ndings appears in Table 1.

Our key contributions are the followingFirst,we frame the prob-
lem of evaluating the aggregate capacity of satellite networks as
national-scale failover infrastructure in the context of submarine ca-
ble failures. To support this, we develop a new model and simulator,
which is available ahttps://github.com/GT-ANSR-Lab/CosmoSim
Secondye de ne the terminal distribution problem as a corner-
stone of maximizing the capacity of failover satellite networks, and
present an e cient heuristic for solving it.Third, our analysis yields
ten key insights into factors that limit LEO network capacity in
failover scenarios. For example, distributing terminals solely based
on population density can lead to severe RF contention, reducing
available capacity by up to 50% in the case of South Afriinally,
we provide three policy recommendations for governments manag-
ing their spectrum resources and cooperating with satellite network
operators. For example, jointly optimizing terminal placement and
RF allocation can improve available capacity by 1.8

2 Background

As LEO satellite networks become increasingly integrated into
global communications, their role in emergency connectivity and
national resilience planning has gained signi cant attention. Be-
yond their use in remote areas, LEO networks have demonstrated
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their ability to provide critical connectivity during infrastructure
failures, supporting disaster response, military operations, and
large-scale outages. Given this emerging role, national govern-
ments and international organizations are exploring ways to sys-
tematically incorporate LEO networks as a failover mechanism for
terrestrial infrastructure. However, deploying and regulating these
networks presents unique challenges, including licensing, spectrum
allocation, and capacity constraints imposed by shared satellite in-
frastructure. This section examines the policies surrounding LEO
network deployment, focusing on their use as a failover solution
and the regulatory frameworks that govern their operation. We
close the section with a brief overview of related work.

2.1 LEO Networks Policies

LEO networks as failover. Starlink already has a high-pro le
track record of supporting critical operations when all other net-
work infrastructure fails, including supporting rst responders in
Florida [74 and North Carolina [79, protesters in Iran B3 8§,
and military and civilian operations in Ukrained1, 58, where over
forty thousand terminals are deployed to provide secure and reliable
communication BY. In all these scenarios, the deployment of satel-
lite networks was reactive. There are also proactive proposals for
dealing with outages using satellite network88 43. For example,
Starlink recently started o ering a low-cost backup plan where
inactive users pay a low monthly fee to use Starlink when the user's
primary source connectivity fails43. More importantly, Starlink
and other LEO networks are being considered for nation-wide or
even multi-national e orts to improve resilience in cases of terres-
trial infrastructure failure. For example, HEIST is a NATO project
to improve resilience of submarine cables through satellite-based
communication [/, 3§. Other examples include Ghana, Taiwan,
and Israel where Starlink is considered to be a failover network
in case of wide-spread outagetd 36 76 These examples re ect

a growing willingness of governments to proactively incorporate
LEO networks into national resilience strategies.

In this paper, we focus on scenarios where satellite infrastruc-
ture is considered proactively and systematically as failover at the
national level. Our focus is motivated by the negotiation power that
national governments have with satellite operators. Moreover, such
plans will have far reaching e ects when it comes to the funding of
satellite networking infrastructures and the expectations of citizens
regarding the resilience of their infrastructure.

LEO network regulation. A communication satellite has to com-
ply with many regulations to limit its interference with other space-
borne and terrestrial communication systems. Each nation regu-
lates its own spectrum, licensing spectrum access to satellite opera-
tors [39. The licensing process includes ling with the International
Telecommunication Union (ITU), which tracks technical and op-
erational parameters of communication satellites, including their
transmit power, transmit beam contours, receiver sensitivity, and
orbital parameters4Q. In contrast to cellular operators, satellite
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Figure 1: LEO network infrastructure. Radio-based Ground-Satellite
Links (GSLs) connect satellites to gateways and terminals. Laser-
based Inter-Satellite Links (ISLs) connect satellites to each other.

(a) A satellite can cover multiple (b) The area of a cell is a small fraction
cells using di erent beams. of the total coverage area.

Figure 2: lllustration of RF resource allocation. Although a single
satellite can cover multiple cells simultaneously, it can only cover
a small fraction of cells within its coverage area due to the limited
number of beams it can support.

2.2 Satellite Networks Technical Primer

A LEO satellite network, or a constellation, comprises thousands
of satellites orbiting the Earth at altitudes in the range of 200-1600
km [2(. Satellites are placed in a number of shells, each consisting
of multiple orbits (or orbital planes) at speci c altitudes. Orbital
planes in a shell are equally spaced and are characterized by their
altitude (the height above sea level), and their inclination angle
(the angle at which they intersect the equator). An inclination
angle of90" refers to a polar orbit. However, most of the current
constellations have smaller inclination angles to provide greater
coverage to densely populated areas [82].

Network customers use their terminals to access the satellite
network through radio-based Ground-Satellite Links (GSLs). The
network accesses the Internet through gateways that communicate
with satellites through radio-based GSLs. A ground station only
communicates with satellites that are visible above a certalier
vation angleabove the horizon, limiting the time traveled by the
wave in the Earth's atmosphere to ensure the quality of the link.
There are two modes of communication that rely on satellites. First,
the bent pipe scheme, where tra ¢ goes through a single satellite
hop before going back through a ground station. Second, data can
travel through multiple satellite hops. Satellites communicate with

operators do not license exclusive access to bands and instead shareeach other through laser-based Inter-Satellite Links (ISLs). Figure 1

these bandsZ2 40. Therefore, the capacity of failover LEO net-
works depends not only on decisions made by operators but also
on government regulations on how RF spectrum is used, especially
in emergency scenarios.

illustrates the components of the network.

RF Resource Management. There are two main resources in a
satellite network: RF bandwidth used for communication between
satellites and ground stations (i.e., user terminals and gateways) and
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ISL bandwidth used for inter-satellite communication. To maximize
RF bandwidth utilization, it is divided in time, space, and frequency.
In particular, the coverage area of a satellite is divided into cells and
the bandwidth is divided into channels. Each satellite uses highly
directional beams to communicate with terminals in a specic
subset of cells within its coverage area, with each beam using a
particular channel. The radius of a cell is typically within a few
tens of kilometers, while the total coverage area of a satellite has
a diameter measured in hundreds of kilometers. The smaller the
cells, the more e ciently RF capacity can be utilized. However,
smaller cells require more satellites to provide full coverage and
the technology to illuminate small cells with very narrow beams.
In our analysis, countries with smaller areas would greatly bene t
from using smaller cells to improve RF e ciency. On the other
hand, countries with large areas are typically bottlenecked by the
number of satellites that cover them. Satellites operators further
improve RF e ciency by employing multiple directional antennas
to enable frequency reuse (i.e., a satellite can transmit multiple
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measurements. The simulator designs presented in Hypdtthdnd
xeoverse 44 help to explore routing and congestion control tech-
niques for satellite networks. Other simulation-based work explores
modeling available global bandwidtt2f 68 69 71], characteriza-
tion of route variability [15 16, vehicular satellite connectivity in

a 3D foliage environment [53].

A common theme across these studies is their focus on per-user
performance. Instead, we study the aggregate capacity available in
a given country. Although some studies examine the global capacity
of di erent LEO network constellations, their focus is on perfor-
mance per customer and global coverage of the network for xed
demand R4 68 69, 71]. However, in cases of infrastructure failure,
demand is subject to the needs of the populous and is primarily im-
pacted by how governments distribute terminals that will be used
by failover tra c. Moreover, we pay special attention to the policy
implications for using LEO networks as a failover as it pertains to
potential coordination between governments and network opera-
tors. Finally, our methodology is particularly unique in providing a

beams on the same frequency). Figure 2 visualizes beam allocation clear framework for the capacity o ered by satellite networks. It
and the scale of cells compared to the total coverage area. ITU and uses real submarine cable failures as a reference point for under-

local regulations limit the power per beam and the contours of the
coverage area of each beam [22, 40].

A network operator must decide how many beams to allocate per
cell to maximize RF bandwidth utilization while providing service
to all its customers. Beam allocation is constrained by potential
interference between beams. In particular, two beams that use the
same channel have to be physically separated or use a di erent po-
larization. When a satellite reuses a frequency, the beams using the
same frequency must be angularly separafebhe beam allocation
problem is known to be NP-hard7[l]. Note that communication
between satellites and user terminals typically employs a di er-
ent frequency band than communication between satellites and

standing the capabilities of LEO satellite networks. Additionally,
we examine this framework in six di erent case studies.

3 Modeling LEO Failover Capacity

We assess the viability of LEO networks as a failover network in
cases of national connectivity infrastructure failurésiVe select
real-world submarine cable failures as a reference to contextualize
our analysis, providing an estimate of the demand that satellite net-
works could be expected to ful Il in similar scenarios. We assume
that in such scenarios governments will undertake the deployment
of a large number of user terminals, similar to what was done
in Ukraine [89, and aggregate their bandwidth to o set capacity

gateways (e.g., OneWeb and Starlink). Moreover, gateways have alost due to infrastructure failure. We analyze the failover capac-
sophisticated setup (e.g., larger antennas and better receivers) to ity achieved by di erent terminal deployments under various RF

enable communication with multiple satellites while maximizing
utilization of the RF spectrum. The utilization of ISLs is dictated by
the tra ¢ engineering policy employed by the network operator.

2.3 Related Work

Characterization of the performance of LEO satellite networks have
received extensive attention. These include real-world measure-
ments such as analyzing Starlink throughput and latency da§ [
uncovering Starlink's satellite-terminal scheduling7], large-scale
Starlink measurements to uncover network routing behavidd],

a multifaceted study evaluating Starlink's ability for various tasks
such as video conferencing and cloud gamieg| studying Starlink
behavior in vehicular and mobility scenario8{], measuring the ef-
fectiveness of LEO networks for coastal maritime connectividg|
measuring the asymmetry and variability in one-way delays for
Starlink packets 85, and uncovering symbol allocations and mod-
ulation schemes via of burst characterizatiodq. The Tiansuan
constellation PJ] presents the design for a research constellation to
perform experiments on a real platform. LEOSco€][introduces

a global measurement infrastructure to perform real LEO network

1We enforce angular separation by preventing two beams that reuse the same frequency
by the same satellite to illuminate neighboring cells.

spectrum allocation and tra ¢ engineering policies.

Our analysis characterizes the impact of multiple deployment
strategies. We refer to this problem as the terminal distribution
problem and introduce several alternatives that yield di erent levels
of performance (Y 3.1). Furthermore, performance depends on how
satellite network operators allocate their resources (i.e., RF, ISL,
and gateway capacity). No existing publicly available simulator
captures all these aspects of a satellite network. Thus, we build a
new simulator that analyzes the capacity of LEO networks under
di erentterminal distribution and resource allocation policies while
scaling to tens of thousands of satellites and hundreds of thousands
of user terminals (Y 3.2). Our objective is to identify the key factors
that determine the capacity of the satellite network to derive lessons
learned and policies that can be followed for emergency planning
and response. To this end, we implement and study multiple RF
resource allocation and tra ¢ engineering policies (Y 3.3).

3.1 The Terminal Distribution Problem

A unique problem faced by governments planning to leverage LEO
satellites as failover is how to distribute their user terminals to

2We limit the scope of this work to LEO satellite networks as a failover, and do not
consider terrestrial alternatives such as cross-border or underground ber cables,
which may also contribute to resilience but are beyond the scope of this study.
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serve their needs and maximize the aggregate network capacity.
As discussed earlier, satellites allocate their capacity in beams that
cover cells whose diameter is in the range of tens of kilometers.
If a cell has too many terminals, the cell's RF capacity will get
congested, limiting overall network capacity. Thus, we separate
the terminal distribution problem into two components: 1) cross-
cell distribution, deciding the aggregate number of terminals to
be allocated to individual cells, and 2) local terminal distribution,
deciding how terminals should be deployed within an individual cell.
The intuition behind the two di erent scales of terminal distribution

is the di erence between the service capacity of individual terminals
and the service capacity of satellites.

Cross-cell terminal distribution attempts to maximize the utiliza-
tion of the RF capacity of satellites by spreading terminals between
cells. On the other hand, local cell distribution attempts to meet the
requirements of individual users or communities (e.g., individual
buildings). Local terminal distribution accounts for user demand
and the availability of infrastructure to deliver network capacity
from terminals to individual users (e.g., WiFi or 5G). The local
terminal distribution problem resembles cellular network plan-
ning [67, 75 92, where backhauling is done through satellites
instead of other forms of terrestrial networks. In this paper, we
are concerned with the aggregate capacity of the satellite network,
not the ne-grained planning of failover network design. Thus, we
focus on the cross-cell terminal distribution problem.

The cross-cell terminal distribution problem exhibits a funda-
mental tradeo between network utilization and deployment prac-
ticality. The number of user terminals in a cell plays a major role
in determining the achieved capacity in that cell. However, the
aggregate capacity provided to a single cell in the LEO network is
capped by the RF bandwidth licensed to the network. On one hand,
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Figure 3: Construction of CosmoSim graph. Cell channel nodes rep-
resent the same set of cells, where each cell is covered by a di erent
set of channels.

be uncapped, distributing terminals to all cells while prioritizing
higher-priority cells. Uncapped GCB maximizes network capacity
by avoiding wasting RF resources but can potentially assign termi-
nals to sparsely populated cells. A cap set to a high priority value
limits the number of cells that receive terminals, potentially limiting
the overall network capacity. Without loss of generality, we assume
population density as our proxy for priority. For example, a cap of
10,000 ensures that only cells with a population of 10,000 or more
are assigned terminals. We refer to such an approacts@s8 (cap

X), where x is applied cap. The exact steps are shown in Algorithm 1
in Appendix B. Although GCB signi cantly improves performance,
governments may still need to customize the algorithm, targeting
their unique requirements and population distributions.

3.2 CosmoSim

We built CosmoSim, a simulator to model aggregate network ca-
pacity under a wide range of terminal distribution, RF allocation,

a government needs to deploy resources where they are needed,and tra c engineering policies, while scaling to tens of thousands

with more terminals place in high density areas. On the other hand,
the more terminals deployed to a particular location, the less the
available RF bandwidth to individual terminals.

We assume that a government assigns each cell a priority level,
re ecting needs, say based on population density, infrastructure
criticality, or national security considerations. We assume gov-
ernments will ensure a speedy deployment of terminals by pre-
deploying them at regional depots or by pre-installing the critical
infrastructure to be activated during the emergency. The assign-
ment of terminals solely on the basis of priority sacri ces the aggre-
gate capacity of the network by creating contention for spectrum
capacity in high-priority regions. Spreading terminals evenly over
di erent cells can lead to terminals being assigned to uninhabited
cells, making it impractical to leverage the added capacity. We de-
sign a con gurable heuristic that enables a government to perform
terminal distribution along that spectrum.

The proposed algorithm is Greedy, Capped, and Batched, re-

ferred to herein as GCB. GCB is greedy, prioritizing cells with
higher priority. The cap sets a lower limit on the priority of cells

of satellites and hundreds of thousands of user terminals. Existing
simulators typically focus on per-connection performance. Instead,
CosmoSim is concerned with the aggregate capacity on the net-
work. To that end, we formulate our simulation as a maximum- ow
problem. In particular, our analysis aims to compute the maxi-
mum possible ow between source nodes (gateways) to destination
nodes (user terminals) subject to di erent policies. Policies deter-
mine the connectivity of the graph, the valid routes that ows can
use, and the available capacity at individual edges. CosmoSim is
lightweight, programmable, and modularized, enabling the com-
munity to not only further study the aggregate capacity of satellite
networks but also experiment with di erent resource allocation
policies and network loads and con gurations. CosmoSim's pa-
rameters are instantiated from values reported in prior empirical
and analytical studies of Starlink, including measured beam frame
structures, beam allocation strategies, and aggregate throughput
characterizations [24, 66, 68, 69, 71].

We model a LEO satellite network as a graph with ve types of
nodes: gateway nodes, satellite nodes, cell nodes, a source node,

that can receive terminals, ensuring that terminals are allocated and a sink node. RF allocation restricts each cell to a xed number
only to cells that meet a prede ned criterion (i.e., high-priority  of channels. To improve the exibility of representing RF allocation
cells). GCB assigns terminals to cells in large batches where a batch policies, we represent each cell as a set of channel nodes, with each
of terminals is enough to saturate the RF capacity in a given cell. channel node corresponding to an individual channel used at a
The combination of greedy and batched allocation ensures that given cell. The source and sink nodes represent the source and
higher priority cells maximize their RF utilization. GCB can also destination of all tra c traversing the network from gateways to
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Figure 4: The four main stages of CosmoSim in orange. First two
stages can run in parallel. White boxes represent programmable
components and con gurations.

cells. CosmoSim can also capture incumbent tra ¢ on the network.
To that end, we add the cells from the areas that comprise the
incumbent tra c (e.g., cells from all the countries served by the
operator, not just the speci ¢ country we study). Each satellite

Vaibhav Bhosale et al.

Graph Generatiotakes in as input satellite con guration (i.e., a
two-line element set), gateway locations, and the cell con guration
in a country to generate all nodes in the graph. ISL edges are de ned
based on the assumed topology of the satellite network. On the
other hand, GSL edges are de ned solely by visibility constraints.
Speci cally, a channel node of a cell or a gateway is connected to a
satellite if that satellite is visible from the cell or gateway. Clearly,
this stage creates many invalid edges which will be eliminated
by subsequent processing phases. It is important to note that the
graph generation step, being the most computationally intensive,
is performed only once per country.

Terminal Distribution (TD)mplements the cross-cell terminal distri-
bution algorithm. In particular, it assigns labels to individual cells,
re ecting the number of terminals assigned to that cell. This phase
is performed once per country, per TD policy.

RF Allocatiorprunes the graph by eliminating GSL edges based
on the RF allocation policy and wireless interference constraints.
Moreover, this phase distributes the terminals allocated to a cell

can connect to other satellites with a number of edges limited evenly between the channel nodes of that cell that have not been
by the number of ISLs it supports. Edges between satellites and pruned. By this stage, we know precisely the demand placed on each
ground stations (i.e., gateways and terminals) are based on satellite satellite based on the cells it covers. Thus, to further reduce the size
visibility from a given gateway or a cell and the RF allocation policy. of the graph, we remove all channel nodes and replace them with
The weight assigned to an edge represents the capacity of the link the aggregate demand value at individual satellites. The aggregate
represented by the edges. Figure 3 illustrates this graph. demand value is used as the weight of the edge connecting a satellite
CosmoSim constructs its graph from three con gurable inputs:  node to the sink node.
(i) constellation con guration consisting of all satellite orbital pa-  Tra ¢ Engineeringdetermines the possible routes that tra ¢ can
rameters as well as ISL design, (ii) gateway locations and capacities, take while traversing through the network graph. Taking as input
and (iii) cell characteristics and RF constraints/allocation policies. the network graph, the TE policy updates the weights assigned to
This enables CosmoSim to adapt to any LEO network constellation di erent edges in the graph. In the cases where we are also con-
as long as these inputs are updated accordingly with the CosmoSim sidering the incumbent tra c, the TE policy de nes the demands
pipeline requiring no changes. from the incumbent cells in the form of the weight of the edges
A naive implementation of the model presented in Figure 3would  from the satellites serving the incumbent cells to the sink. This nal
imply processing graphs with hundreds of thousands of nodes for graph is used to estimate the capacity using max- ow. Speci cally,
each network con guration. This would require running the sim-  we use themax_flow_min_costfunction from NetworkX [8] that
ulator for several hours for every con guration (e.g., number of  performs max- ow while reducing the the number of hops between
terminals and policies employed). To address this issue, we imple- terminals and gateways (i.e., the of a path cost). We use max- ow
ment several optimization steps to reduce the number of nodes in solely as an optimistic upper bound to estimate the maximum pos-
the graph and reuse precomputed data to accelerate simulations. sible failover capacity, not as a representation of realistic tra c
To reduce the number of nodes in the graph, a rst stepisto engineering policies.
forego representing each terminal as an individual node in the The source code and the data for CosmoSim is available at
graph. Since RF allocation is performed on a per-cell basis, we can https://github.com/GT-ANSR-Lab/CosmoSiRkurther, we have pub-
represent the number of terminals in a cell as a label of the node of lished a web interface for the simulator available on the Github

that cell in the graph. Terminals within a cell are evenly distributed

page. The supported features and a screenshot of the web interface

across its active channel nodes (i.e., channel nodes connected to aare included in Appendix G.

satellite). The label helps determine the maximum possible through-
put achieved at the cell based on the number of terminals at the
cell and the capacity of an individual terminal. Speci cally, the
capacity of a channel used at a particular cell is constrained by the
minimum of the capacity of the terminals using that channel and
the channel's maximum capacity. This optimization helps to reduce
the number of nodes in the graph by 100reducing processing
time to under an hour. More details on the performance gains from
the CosmoSim optimizations are in Appendix H.

CosmoSim divides its operations into four sequential phases,
where the output of each phase is reusable under di erent con gu-
rations of the following phases in the pipeline. In particular, it has
the following phases (Figure 4):

3.3 CosmoSim Resource Allocation Policies

Extensibility is a core objective of CosmoSim. Thus, we simplify
the process of implementing di erent terminal distribution, RF
allocation, and tra ¢ engineering policies. Moreover, we bootstrap
the CosmoSim policy library by implementing and studying the
following policies.

Terminal Distribution Policies. We consider the GCB policy
under di erent values of the priority cap. Moreover, we compare it
with the distribution of terminals based primarily on population
density, representing scenarios where the government attempts
to optimize primarily for local service coverage, ignoring overall
network capacity.
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RF Allocation. Our objective is to better understand the funda-
mental bottlenecks for LEO network capacity. Thus, we employ a
greedy algorithm for beam allocation, similar to an algorithm that
was shown to provide good performanc84, compared to other
more sophisticated algorithms$f. The simplicity of the greedy
approach is particularly bene cial for our use case because it allows
us to easily understand allocations created by the algorithm. More
complex algorithms (e.g., multi-staged algorithrisl{ 55) would
have been more complicated to analyze.

Speci cally, our greedy beam allocation strategy prioritizes al-
locating beams to cells based on their priority. In addition, we
prioritize the usage of satellites equipped with ISLs to ensure con-
nectivity and reduce congestion at nearby ground stations. Of all
satellites equipped with ISLs, we prioritize the least utilized satel-
lites. Finally, we ensure that the allocated beams obey interference
rules. In particular, we capture intra-satellite beam interference,
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gateways nearest to user terminals. The two policies allow us to
study the magnitude of the impact of network operator decisions
on achieved performance.

4 Selected countries and cable cuts impact

To understand the impact of submarine cable failures on a country
or region's international connectivity, we estimate the relative im-
portance of each cable from that region's perspective. Prior work
shows that the frequency with which a cable appears in traceroute
paths serves as a proxy for the tra ¢ volume it carrie2[, 7§. Build-

ing on this insight, we analyze RIPE Atlas traceroutes from probes
within the a ected countries, using built-in measurements, [4]

that target a broad cross-section of routed pre xes. We collect mea-
surements over a baseline window of one week to one month prior
to known submarine cable failure events. We uSalypsdq9(Q a

ensuring a separation angle between beams when a satellite reuses framework for mapping traceroute paths to the submarine cables

the same frequency for the two beams. Our current interference
model does not capture inter-satellite interference or degraded
performance due to weather and terrain conditions. Thus, after al-
locating a beam to a cell, we prune the GSL edges that can interfere
with it. Moreover, a cell is removed from the list once its demand is
satis ed. We iteratively repeat the above process until all demand is
satis ed or we all beams are exhausted. Our RF allocation is shown
in Algorithm 2 in Appendix B.

We consider two variations of this greedy algorithm, di ering
based on the way they prioritize cells. The rst prevents cell starva-
tion, ensuring that each cell with at least one terminal is allocated
at least one beam. Speci cally, it ensures max-min fairness between
cells by invoking the above algorithm repeatedly in the following
way. The algorithm creates separate lists for all cells with demand
of one or more beams, two or more beams, three or more beams,
etc. Each list is sorted based on the population density of the cells.
The above algorithm is invoked repeatedly for each of the lists until
all demand is satis ed or all beams are exhausted. This algorithm
is our best estimate of operator behavior which will avoid starving
any of their clients while attempting to prioritize cells based on
their estimated population density. However, it can severely under-
utilize the RF capacity by allocating beams to cells with not enough
terminals to fully utilize the beam capacity. The second variation of
the algorithm greedily prioritizes cells strictly based on the number
of terminals at each cell. This proportional allocation maximizes
overall network capacity by ensuring that the allocated beams can
be fully utilized.

We do not aim to exhaustively identify the best RF allocation
heuristic for failover satellite networks among the many recent pro-
posals b5 70 71, 95. Instead, we compare RF allocation policies
that are aware of terminal distribution decisions (i.e., greedy propor-
tional allocation) and those who are oblivious to it (i.e., attempting
to achieve max-min fairness between cells).

Tra c Engineering Policies. We consider two tra ¢ engineering
policies: Max- ow and hot potato. Max- ow represents the best
possible scenario where the network operator spreads the failover
tra c across its whole network, avoiding congested links and bal-
ancing loads between all gateways. Hot potato represents the worst
case where a network operator attempts to minimize the footprint
of failover tra c on its network by routing tra c only through the

they traverse, identify mappable routes, and distinguish domestic
from international links. For each case, we compute the fraction of
submarine-bound traceroutes mapped to each cable and use this ra-
tio as a proxy for its relative importance. We complement this with
capacity data from Telegeographg (], allowing us to estimate the
potential gap for satellite networks to |l as backup infrastructure.

We apply this approach to six case studies that represent diverse
conditions for LEO satellite coverage. These include di erences in:
(1) available land area for satellite cells, (2) proximity to ground
gateways, (3) satellite density (a ected by latitude), and (4) popu-
lation distribution, which limits practical coverage. By analyzing
scenarios with varying combinations of these factors, we explore
the feasibility of satellite backup under realistic constraints. Thus,
our selection of the case studies does not imply that using LEO
satellite networks as failover is the best approach for handling
outages in the countries we study. For example, South Africa is a
particularly interesting case study from our perspective due to its
large landmass and lack of nearby Starlink gateways.

For each case, we identify relevant cable failures, estimate the
role of the cable in regional tra c, and calculate capacity loss. We
use these values to gauge the adequacy of satellite networks to
compensate for lost capacity.

Tonga January 2022. Tonga, an island nation in the South Pa-
Ci ¢, is highly vulnerable to natural disasters and relies entirely
on a single submarine link theTonga Cable for international
connectivity. With a maximum capacity of 320 GbpH], this cable
connects Nuku'alofa to Fiji and the global Internet. On January 15,
2022, a volcanic eruption at Hunga Tonga-Hunga Ha'apai triggered
a tsunami that severed the cable 37 km o shore, resulting in a near-
total communications blackoutd4]. A similar failure in 2019 left
the country o ine for over 10 days. We analyzed one month of
RIPE Atlas traceroutes from all probes in Tonga and found that
92% relied on submarine cables, with fhenga Cable ranked as
the most critical path underscoring the nation's complete depen-
dence on a single international linklg]. Details on the ranking
method are in Appendix C. While submarine infrastructure devel-
opment has been minimal in recent yeat@4, Tonga has improved
resilience since the 2022 outage by partnering with multiple satel-
lite providers including SpaceX's Starlink, Kaci ¢, and SES to
provide alternative connectivity [37, 56, 80].
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South Africa August 2023. South Africa, the continent's second-
largest economy, hosts landing stations for ten international sub-
marine cables, includin@AT-3/WASC SAFE SEACOM EASSy
andMETISSOne month of RIPE Atlas traceroutes shows that 87%
of outbound paths rely on submarine links, underscoring their cen-
tral role in the country's global connectivity. On August 6, 2023,
an underwater landslide in the Congo Canyon disrupted two key
west-coast cablesSAT-3/WASCand WACScausing widespread
service degradation across southern Afri&&d (an example of one
Atlas probe displaying increased latency, jitter, and packet loss is
included in Appendix E).

Both cables rank among the top three in our criticality analysis.

Together, they provide 10,700 Gbps of lost capacity, with a poten-

tial maximum of 31,700 Gbps if fully upgradetid, making them
essential for regional and international transit.

Ghana March 2024. Ghana, a key player in West Africa's In-
ternet connectivity, relies heavily on submarine cables for global
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Data Rates (Gbps) CongA | CongB | CongC
Ku GSL beams (Users)1.28 [72] | 0.956 [70]| 2.5

Ka GSL beams (GWs) 2.6 [72] | 2.6 [72] 5

ISLs 100 100 200

Table 2: Di erent wireless con gurations used in this paper.

Will LEO network growth increase the available capacity for
failover tra c? (Y5.4)

What's the impact of sharing LEO network capacity with failover
trac? (Y5.5)

5.1 Simulator Con guration

We use the con gurations drawn from current and planned Starlink
deployments, the only LEO satellite network with thousands of
satellites and the most prominent failover network in many recent
scenarios [21, 38, 43, 58, 74, 79].

Topology. Starlink has about 6,500 satellites deployed in space

access. Its Gulf of Guinea coastline hosts six major cables, includ-across ve di erent shells B3. All satellites, except those in shell 1

ing wacs, MainOne, sat-3/wasc, ace, Glo-1, and2Africa . On
March 14, 2024, a suspected underwater rockslide o Cote d'lvoire
disrupted Ghana's connectivity by taking four major cables o ine:
ace, sat-3/wasc, wacs, andMainOne [81]. Analyzing one month

of traceroutes from all probes, we found that 90% relied on sub-

marine cables, highlighting their critical rolesat-3/wasc ranked

as the most essential, withce, wacs, andMainOne also playing
signi cant roles. These rankings re ect the high concentration of
tra c on these routes, emphasizing the need to identify vulnerabil-
ities and guide contingency planning. The four a ected cables have
a combined lit capacity of 57,170 Gbps, with a potential maximum
of 83,700 Ghps if fully upgraded, according to TeleGeography.

Additional case studies are detailed in Appendix C.

5 LEO Network Failover Capacity Analysis

We study the di erent factors and policies that impact the failover
capacity provided by LEO satellite networks, using Starlink as a
representation of available satellite-based network capacity. Our
analysis captures the capacity of Starlink deployment at the time
of writing this paper. In addition, we compare the current avail-
able capacity with that available as Starlink expands, relying on
FCC lings to estimate the con guration of future Starlink deploy-
ments B1]. Analyzing the expanded Starlink network is signi cant
as it does not only re ect the value of Starlink growth but also
the deployment of other constellations. In particular, all current
constellations share the same spectru@?2[48 6. Thus, expan-
sions of Starlink or any other constellation will lead to competition
between satellites for the same RF bandwidth.

Our ndings (marked byF ) highlight critical bottlenecks in
failover LEO networks. Based on our ndings, we make policy
recommendations to governments and operators (markedby
We also provide a complementary policy-focused analysis of our
ndings and recommendations7]. Our recommendations aim to
facilitate the attainment of maximum network capacity. Further,
they highlight areas that require further study. In particular, we
answer the following questions:

How does terminal distribution a ect available capacity? (Y5.2)

Should governments and network operators coordinate their

resource allocation e orts? (Y5.3)

have three full-duplex ISLs with two connecting to satellites in the
same orbital plane and one to a satellite in a neighboring orbital
plane (more details in YD). The FCC has announced the approval of
two more shells while deferring approval for another si®f. For
satellite orbital con guration, we use Celestrakf] two-line ele-
ment sets (TLES) to derive the con gurations but generate our own
idealized version to facilitate the creation of ISL-based topology.
We obtain the location of Starlink gateways from FCC lings (e.g.,
[2]). We use 198 gateways spread over 23 countries. For cell con-
guration, Starlink has been reported to divide its coverage region
into hexagons, following a scheme similar to Uber's H3 hierarchical
spatial indexing systemd4, 57]. We assign the population density
for each cell using the Kontur.io dataset [49].

Wireless Link Data Rates. The data rates achieved by wireless
GSLs depend on many technological (e.g., modulation and coding
schemes) and environmental factors (e.g., weather). Instead of using
a single value for the capacity of each type of GSL, we consider two
di erent estimates made in prior work4, 70,72, 77): Con g A and

Con g B in Table 2. Moreover, we add an estimate of wireless ca-
pacities, assuming technological advancements in next-generation
LEO satellites that double the capacity of all links (Con g. C). Our
objective is to compensate for the inaccuracy of our simulation-
based approach by providing an envelope on network performance
that captures most plausible network behaviors. Our estimate of
ISL capacity is based publicly available technology speci cations
from Starlink [9]. These GSL and ISL capacities represent the up-
per bound estimates as we are estimating an upper bound for the
failover capacity. Real-world conditions such as weather and terrain
may yield lower values.

We use Con g A for most of our analysis, preferring the op-
timistic estimate of channel capacity when communicating with
users. In particular, a single beam connecting a satellite to a cell
for user communication has a capacity of 1.28 Gbps. Each satellite
can communicate over eight such channels with a frequency reuse
factor of four [24, resulting in a total per satellite capacity of 40.96
Gbps for communication with user terminals. On the other hand,
each Ka band GSL beam connecting from the gateways to the satel-
lites has data rate 2.6 Gbps. With eight active gateways per site,
total gateway site capacity reaches 166.4 Gbps which is the capacity
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(a) Ghana

(d) Lithuania

(b) Great Britain

(e) South Africa
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(c) Haiti

(f) Tonga

Figure 5: Estimated capacity for various terminal distribution strategies indicates that distributing terminals based solely on population density

can reduce network capacity by causing RF contention in densely populated
capacity.

of all the source-gateway links in our graph. Our analysis focuses
on user downlink capacity, since it dominates aggregate demand in
failover scenarios. Uplink capacity di ers due to spectrum alloca-
tion asymmetry. For instance, the user uplink capacity for Starlink
will be one quarter that of the downlink due to the di erences
in the spectrum allocation. While our analysis does not include
any gateway failures to limit the number of changing variables,
CosmoSim design can be easily extended to incorporate those by
simply omitting the failed gateways from the list of gateways.
Default policies. Unless otherwise stated, we use the following
policies by default. For terminal distribution, we use GCB. For RF
allocation, we use the greedy policy that allocates capacity purely
based on the number of deployed terminals by the government,
potentially leading to the starvation of other users while maxi-
mizing failover capacity. For tra ¢ engineering, we use max- ow.
These default policies favor the maximization of failover capacity.
However, we investigate the impact of other policies as well.

5.2

Terminal distribution decisions must balance maximizing spectrum
utilization, by spreading terminals between coverage cells, and
ensuring that terminals are deployed where they are needed, poten-
tially leading to resource contention between them. In this section,
we focus on assessing the maximum achievable capacity, assuming
that there is no other tra ¢ on the network and that all cells can
potentially be used by emergency responders, including completely
uninhabited remote areas.

Figure 5 reports the total capacity achieved in each of the case
studies under di erent number of terminals and terminal distri-
bution strategies. Clearly, increasing the number of terminals in-
creases aggregate capacity. Moreover, the GCB algorithm improves
failover capacity compared to distributing terminals based on pop-
ulation density, especially when the number of terminals is small
relative to the number of cells. When the number of terminals is lim-
ited and they get allocated based on population densitgas with
very high population density end up getting most of the terminals
creating an RF bottleneffk 1). For example, in case of Lithuania,

Impact of Terminal Distribution

areas and not allocating enough terminals to other areas with RF

the capacity jumps by over 3 times when terminals are deployed
across cells using GCB instead of based on their population density.
In such scenarios, more terminals are needed so that sparsely pop-
ulated cells can receive enough terminals to consume the resources
of beams allocated to thertherefore, terminal distribution needs to
balance population density and RF availabilRy1).

Capping the minimum population density of cells that receive
terminals can limit available capacity. However, we nd that, for
populous countries, the impact is most signi cant when the limit is
100k. A limit of 100k can reduce the maximum achievable capacity
of a country to 2.5-65% of the maximum achievable capatite
impact of focusing on densely populated area depends primarily on
how a country's population is spread over its landnfgs). We
consider the impact moderate if it can achieve 50% or more of
maximum capacity (e.g., Britain and Tonga). We consider the impact
signi cant otherwise. Although South Africa and Great Britain have
comparable populations with 60.41 and 68.35 million, respectively,
the impact of the cap is much more severe in the case of South Africa
(72% reduction in capacity) compared to Britain (40% reduction).
The reason is that Britain's population is more spread out over its
landmass, leading to more cells with over 100k people compared
to South Africa. Obviously, Tonga does not even have a single cell
with that 100k people, making it infeasible to apply that limit. A 1k
cap achieves the maximum possible throughput with a comparable
number of terminals to a cap of zero.

Increasing the number of terminals yields diminishing returns in
large deployments. For small deployments, adding terminals yields
a linear increase in aggregate capacity because each added terminal
makes use of some beam capacity. However, large deployments,
starting with 10-20k terminals and beyond, yield diminishing re-
turns with additional terminals. These diminishing returns are not
an outcome of network congestion, but rather due to some cells re-
ceiving more terminals than the capacity of all the beams assigned
to them. Thusdeployments with a large number of user terminals
exhaust the capacity of all satellites visible from the couftn).

While bandwidth can always be viewed as the only bottleneck,

"there are two key factors that play a role in limiting the bandwidth
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(a) GS Utilization (b) ISL Utilization

Figure 6: CDF of GSL and ISL utilization for South Africa when 200k
terminals with the GCB policy with no cap.

Figure 7: Utilization for di erent gateways for South Africa when
200k terminals with the GCB policy with no cap.

available for a given country: the land area of the country and the
number of satellites covering the country. Countries with a small
land area, like Tonga (4 cells) and Haiti (136 cells), can have all
their cells receiving 8 beams, saturating the RF capacity of each cell
when each cell is allocated 200 terminals. Any additional terminals,
or satellites, will not increase the capacity of the satellite network.
Therefore the remedy for smaller countries is either improve their R

e ciency using smaller cells and narrow beams or to allocate more

RF bandwidth to satellite netwoi® 2). In contrast, the larger the
land area of a country, the more satellites it will need so that each

cell receives 8 beams. Thus, countries with large landmasses are

bottlenecked on the number of deployed satellites. For example,
South Africa, with 4545 cells barely receives one beam per cell. The
bottleneck is exacerbated because South Africa cannot utilize any
of the satellites in the rst shell of Starlink, as bent-pipe satellites
require the presence of nearby gateways, which South Africa does
not have3

An important concern when studying aggregate network capac-
ity is congestion. To examine the impact of congestion, we focus on
the case study of South Africa. In particular, South Africa achieves
the highest aggregate capacity due to its large landmass. Moreover,
South Africa does not have any gateways nearby, forcing it to rely
primarily on ISLs, increasing the chances of ISL congestion. First,
we examine the levels of GSL utilization (Figure 6a). We nd that
only 35% of gateways are utilized with just 15% of them exhausting
more than 50% of their capacity. Our tra c engineering approach
attempts to minimize the number of hops used, even when max-
ow is employed. Thus, gateways located closer to South Africa,

3The nearest gateway to South Africa is in Ghana, requiring the use of ISLs to reach it.
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Figure 8: Utilization and number of hops from the terminals for ISLs
for the South Africa case when 200k terminals are distributed using
the GCB policy with no caps.

like those in Ghana, Chile, and Australia, achieve higher utilization
(Figure 7). Next, we examine ISL utilization (Figure 6b). Only 6% of
ISLs are ever used in the South Africa case study, with less than 1%
of ISLs achieving near 100% utilization. To better understand ISL
utilization, we focus on utilized ISLs (919 out of 14k) and plot a 2D
histogram as a function of ISL utilization and hop count from user
terminals (Figure 8). As expected, most ISLs are barely utilized, in-
cluding those close to user terminals. Highly utilized ISLs belong to
two categories: 1) those close to user terminals, potentially carrying
the tra c of its satellite's GSL as well as other tra c of nearby satel-
lites, and 2) those close to gateways, carrying the aggregate tra c
of the country. Countries with small landmasses exhibit even fewer
ISLs and gateways with high utilization. Thugie conclude that
congestion is a nonissue, if failover tra c is prioritized or provided
exclusive access to the LEO netwierid).

5.3 Impact of Network Operator Policies

= Impact of spectrum allocation decision. Recall that in normal

scenarios beam allocation is done independently of the terminal
distribution. In particular, the LEO network operator can require
having at least one beam allocated to very sparsely populated cells,
with remaining beams distributed based on population density or
customer presence. Starlink targets rural communities and recre-
ational travelers operating in remote areas. For example, Britain can
have many Starlink users using its network in sparsely populated
regions of Scotland. Moreover, its customers include airlines that
y their aircrafts over sparsely populated areas. Thuke number

of beams allocated to failover tra ¢, and hence its capacity can be af-
fected dramatically by the spectrum allocation paliey5). Figure 9
shows the impact of coordinating beam allocation to maximize
the capacity available to failover tra ¢, compared to spreading
beams uniformly over a sparsely populated area of Britain. Lack of
coordination can reduce the available capacity by 42% when using
100k terminals. The scarcity of the RF spectrum requires careful
management of the resourc@/e argue that countries should stip-
ulate in their laws and spectrum licenses how spectrum should be
used by satellite networks in cases of national emer@@n8y. The
spectrum should be allocated in the best way to meet the needs of
the country. We believe that such an approach is feasible given the
leverage that governments have with the contract sizes currently
planned for such infrastructurel4 29 52. Combining R 1 and
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Figure 9: Estimated capacity of Great Britain
to distribute terminals by population density,
emphasizing the advantages of coordinated
spectrum allocation and terminal distribu-

) lation cells.
tion. population cells

R 3improvesthe cgpadty of the network at 200kterminalsby 1.7
1.8 for courtries with largelandmassesAlternatively, combining

the two recommendations canhelp reducethe number of terminals
neededo achievehigh cgpadty. Forexanple, combining R 1 and
R 3achievesl.3 morecgpadty with 4 lessterminalsin the case
of SouthAfrica, conparedto using maxmin fair RFallocaion and
terminal distribution basedsolelyon population dersity.

Beams should be allocated to cells based on their utility from
the perspective of the government facing infrastructure failure. In
particular, a government assigns each cell a priority level, say based
on population density, infrastructure criticality, or national security
considerations. This problem can be formulated as nding a con-
guration of terminal distribution and beam distribution to cells
to maximize the overall bandwidth utilization while minimizing
interference between beams. Exploring such algorithms to increase
failover capacity is left for future work. The tight coupling of ter-
minal distribution and spectrum allocation might be untenable in
practice. A simpler alternative could be to clearly mark the termi-
nals used for failover tra c (e.g., with their MAC address). The
network operator then provisions beams exclusively for those ter-
minals. Note that this is done only in cases of national emergency
by dedicating the spectrum to emergency e orts.

Impact of tra c engineering policies.  Figure 10 shows the nor-
malized capacity achieved using max ow and hot potato policies.
Hot potato limits the number of gateways that a country can use to
one or two, based on the hop count between satellites serving the
country and gateways. Countries with bottlenecks on the number
of cells they can use, due to smaller land mass or population con-
centration in a small number of cells, are less a ected by hot potato
routing. On the other hand, Britain is signi cantly a ected because

it has signi cantly higher tra ¢ generated from and near London
that gets routed to the Villenave-d'Ornon gateway in France lead-
ing to congestion along those routes. Hot potato routing, which
optimizes primarily for latency and network utilization, leads to
abysmal results. Thus, it is important that tra c is spread across
many gateways, prompting data sovereignty concerns.

Impact of data sovereignty rules. The potential sensitivity of
failover tra c can require it to go only through gateways deployed

in friendly nations. We study the e ect of a gateway mask that
a country can use to list its approved gateways and then use the
max- ow TE policy to direct tra c to those approved gateways. We
focus on the case study of Ghana, the only case study where only
one neighboring country, Nigeria, having Starlink gateways and all

Figure 10: Comparing failover capacity while
using max ow and hot potato routing for uni-
formly distributed terminals capped at 100k
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Figure 11: Ghana's failover capacity with dif-

ferent gateway restrictions shows that reason-
able data sovereignty constraints (e.g., All ex-
cept Nigeria) do not impact capacity.

(a) Ghana (b) Great Britain (c) Haiti

(d) Lithuania (e) South Africa (f) Tonga
Figure 12: Even with uniform terminal deployment and no caps,
failover capacity plateaus due to spectrum exhaustion at or before

34k satellites as the LEO network size increases.

(a) 1k (b) 10k (c) 100k
Figure 13: Impact of capped terminal distribution on South Africa’s
estimated capacity with an expanding LEO network, highlighting
how usable capacity quickly plateaus due to RF bottlenecks in
densely populated areas.

other gateways farther away. For all other case studies, either all
gateways are far or several neighboring countries have gateways.
Figure 11 shows normalized capacity when only Nigeria's gateways
are used and when all other gateways, except for Nigeria's are used.
Clearly, using very strict constraints, like with hot potato routing,
signi cantly impacts achieved capacity. However, none of our case
studies were bottlenecked on aggregate gateway capacity. Tamis,
long as the data sovereignty constraints are not too restrictive, they
will have no impact on aggregate capa¢iy 6).
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5.4 Impact of LEO network growth

As discussed earlier, Starlink and other LEO networks plan to dra-
matically grow their capacities over the next few years. In addition,

the main bottleneck for countries with large land areas is the num-

ber of satellites that cover the country. Thus, we explore the impact

of increasing the capacity of the LEO network. We use three con-
gurations (i) fully deployed Starlink shells S1 - S4 and partially
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32% of the capacity of a single cable in South Africa). The detailed
results are presented in Appendix A.

5.5 Impact of Sharing the Network

Our analysis thus far assumes that failover tra c is the only user of
the network. Now we examine the impact of other users, referred
to as Incumbent Tra c. We assume that incumbent demand is
uniform across all satellites. We only consider demand originating
from the countries where Starlink currently o ers its service. We

deployed S5 (6,400 satellites), (ii) all the deployed and approved make this simplifying assumption as there is no publicly available

Starlink shells S1 - S7 (14k satellites), and (iii) all the deployed,

ISP-level usage data for Starlink. While this tra ¢ matrix does not

approved, and proposed shells S1 - S13 (34k satellites). Additionally,capture any local tra ¢ heterogeneity, it is more representative

we increase the number of terminals to determine if the increased
capacity can be fully utilized by the nations. Terminals are dis-
tributed uniformly with a cap of zero on cell population.

Figure 12 presents the capacity matrix achieved by nearly dou-
bling the number of satellites on the y-axis and doubling the number
of terminals on the x-axis. As expected, both Tonga and Haiti see
minimal gains with increasing number of satellites, since all cells
receive the maximum number of beams even with fewer satel-
lites. Lithuania approaches 8 beams per cell with 14k satellites.
Conversely, Ghana, Britain and South Africa nearly double their
capacity each time the number of satellites is doubled. Furthermore,
these nations require even more terminals to realize the maximum
capacity when the entire constellation is deployed with 34k satel-
lites. Crucially, we observe thaill the case studies plateau at or
before 34k satellites, having fully exhausted their specfum).
Adding more satellites would not increase the capacity for any of

these nations, as they are bottlenecked by their available spectrum.

Adding a cap to the population density of cells that receive ter-
minals further limits the value of increasing the size of the LEO
satellite network. Figure 13 shows the impact of increasing the num-
ber of satellites and terminals on aggregate capacity when with
di erent caps in the case of South Africa. The maximum capacity
achievable in South Africa is 28 Thps when the number of satellites
is 34,000 and a cap of zero is applied to the minimum population
density of serviced cells. In contrast, applying a cap of 100k reduces
available capacity to 1 Thps, regardless of the number of satellites in
the constellation. A cap of 10k improves the maximum achievable
capacity up to 9 Tbps. Thugven for larger countries, the easily-

of Starlink operations today compared to the ones used in prior
work [12 16 45 that focused solely on tra ¢ between the top 100
most populated citie4.We focus on terminal distribution strategies
that maximize capacity for di erent caps on the population size of
serviced terminals.

Relative priority between failover tra ¢ and incumbent tra ¢
can impact the performance and cost of the failover solution. Pri-
oritizing failover tra c to extract maximum capacity can come
at a premium while potentially impacting the performance of in-
cumbents. Examining the impact of high-priority failover tra c on
low-priority incumbent tra c in aggregate is not very informative
given the geographical spread of incumbents and their relatively
higher demand. Thus, we study the magnitude of the impact on in-
cumbents as a function of its spatial spread. Figure 14 is a heatmap
demonstrating normalized incumbent capacity per cell across Eu-
rope and Asia. The heatmap value is assigned per cell as the average
of the percentage of incumbent tra ¢ served by the satellites visible
to the cell. We assume 8.4 Gbps incumbent demand for every satel-
lite serving incumbent tra c. The high failover demand of Britain
has far-reaching impact on Starlink's global covel&ge®). This
a ects most of Europe with some of the neighboring areas only
receiving 50% of normal capacity. Further, this impact is even felt
in Iran and Mongolia that rely on the gateways in Europe. South
Africa has a similar impact on global coverage. However, other case
studies have localized or no impact. We discuss the local impact
of Ghana's tra ¢ in Appendix F. Converselya LEO network with
heavy incumbent tra c signi cantly impacts the failover capacity, to
the extent of making it unusab{E 10). We discuss these ndings

usable capacity nears its plateau with the main bottleneck being RFn Appendix F

contention within densely populated arfas8). This phenomenon
could already be observed in some US cities, where Starlink is no
longer accepting new customers due to its network being at capac-
ity [ 8. Overcoming this problem will require further innovation
in the management of RF resources, including the use of narrower

6 Discussion and Limitations

Table 1 summarizes our ndings for the six case studies. The two
nations that can reasonably compensate for lost submarine cable
capacity are Haiti and Lithuania, largely due to relatively low capac-

beams. Moreover‘ governments can license more RF Capacity to |ty of their eXiSting infrastructure. In the four Othel’ ScenariOS, LEO

satellite operators as demand grows.

Impact of wireless channel capacity. The above results were
generated using Con g A for wireless channel capacity (Table 2).
We reproduced the results in Fig. 5 using Con g B and C. We observe
similar trends. However, Con g B reduces network capacity by

networks can compensate for a very small portion of lost capacity.
Moreover, achieving that maximum theoretical capacity assumes
that terminals can be deployed in remote regions and that the net-
work is dedicating its resources to the country in the case study.
Some case studies require 200,000 terminals to achieve that maxi-

12.5-28%. On the other hand, Con g C assumed better data rates Mum capacity. We note that the deployment size is not a concern.

improves network capacity by 1.8-5.5vhile requiring up to 2.5
more terminals to achieve the maximum possible capacity. However,
even under such an extremely optmistic outlook for LEO networks,
they can only support a fraction of submarine cable capacity (e.g.,

For example, Ukraine received over forty thousand terminals to
help o set failures in its infrastructure during the war89. The

“Note that most of the 100 most populated cities do not have gateways. Thus, pairwise
tra c matrices between speci c cities is not at all representative of Starlink operations.
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