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Abstract
Satellites are becoming not only network infrastructure but
also network users. The rise of Earth observation, onboard
artificial intelligence, and orbital data centers is creating sub-
stantial demand for space data backhaul. Traditional back-
haul through direct contacts with ground stations is unlikely
to support this growth because it suffers from long waiting
delays, limited contact windows, and bandwidth constraints.
We argue for reusing existing LEO satellite networks as an
orbital backhaul alternative. Their broad coverage, low la-
tency, and high capacity make them a promising substrate
for delivering data from orbit to the ground. However, satel-
lites as space users differ substantially from terrestrial users
in demand distribution, access dynamics, and forwarding
requirements. These differences challenge the assumptions
behind existing LEO satellite network designs. This paper
systematically examines these challenges and aims to mo-
tivate future research on reusing LEO satellite networks to
serve users in orbit.
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1 Introduction
Satellites are becoming not only part of the network infras-
tructure but also network users. Traditional Earth obser-
vation satellites already generate large volumes of sensing
data, while advances in onboard computing are enabling
more complex processing and artificial intelligence work-
loads in orbit. SpaceX has proposed Starmind, a constellation
of up to one million satellites [14, 22]. Starcloud and Blue
Origin Sunrise have outlined plans for systems involving
88,000 and 51,600 satellites, respectively [1, 7, 19].

These emerging space users create a growing demand for
backhaul with high capacity and low latency. They generate
and process data driven by their missions. They must even-
tually deliver the resulting data to the ground for terrestrial
applications. The volume can already reach tens to hundreds
of terabytes per day: ESA reports that Earth observation
satellites collectively generate more than 150 TB of data per
day, while NASA estimates that the NISAR mission alone
will produce about 80 TB of data products per day [5, 12].

Today’s space users primarily rely on direct ground sta-
tion contacts for data backhaul. The data is then forwarded
over the terrestrial Internet to its final destination. However,
each contact is limited by orbital visibility, antenna sched-
ules, and the distribution of ground stations. A satellite may
generate data continuously but wait for a suitable ground
station before transmission. This waiting time can dominate
end-to-end latency, making direct downlink poorly suited to
future applications that require timely access to orbital data.
Distributed ground station networks and onboard data re-
duction can improve delivery opportunities, but they remain
constrained by intermittent access to the ground. Future
space users therefore need a backhaul service that can carry
large data volumes without relying solely on direct ground
station contacts.

A promising alternative is to use LEO satellite networks to
provide orbital backhaul. As illustrated in Figure 1, a space
user could first transmit data to a nearby LEO network satel-
lite. The network could then forward the traffic through its
inter-satellite links (ISLs) to a ground gateway with available
capacity. The traffic is then forwarded over the terrestrial
Internet to its final destination. Unlike direct downlink, this
approach allows orbital users to backhaul data via gateways
beyond their direct visibility.
We argue that existing LEO satellite networks can be

reused for orbital backhaul. Current networks are already
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Figure 1: Reusing existing LEO satellite networks for
orbital backhaul.

equipped with radio frequency (RF) and optical interfaces,
inter-satellite connectivity, and globally distributed ground
gateways. Their terrestrial access demand is also highly un-
even. Satellites over oceans and sparsely populated regions
can retain access capacity that is not consumed by terrestrial
users. A comparison of representative SSO Earth observation
demand and reported interface capacity suggests that raw
access capacity may not be the primary limitation. Reuse
also avoids deploying another global constellation solely for
orbital backhaul. It preserves increasingly scarce orbital re-
sources, avoids duplicating space and ground infrastructure,
and can provide service sooner than a dedicated network
that requires new authorization, manufacturing, launch, and
deployment. Orbital backhaul could thus become an addi-
tional service of LEO satellite networks, extending their user
population from the Earth to space.

While promising, reusing existing LEO satellite networks
for orbital backhaul is not straightforward. These networks
are designed primarily for terrestrial users. Orbital users dif-
fer from terrestrial users in their mobility patterns and traffic
demands. Supporting both types of users on the same net-
work challenges three existing design assumptions. First, ter-
restrial access resources are provisioned around population-
based demand, whereas orbital demand follows mission-
driven orbits and changes with relative satellite motion. Lim-
ited radio and optical interfaces must also be shared among
terrestrial users, orbital users, and communication satellites.
Second, terrestrial users provide a stable geographic refer-
ence, and ISLs are commonly formed between satellites with
similar orbits. Links to space users on heterogeneous orbits
exhibit high relative motion, short contacts, and frequent
handovers. Third, terrestrial users can rely on relatively sta-
ble gateways for data delivery, whereas the preferred gate-
ways for orbital users change continuously with their motion.
Dynamic gateway selection must also be coordinated with
routing across the LEO network, without degrading terres-
trial services.

Through empirical analysis of SSO Earth observation satel-
lites and an operational LEO network, we quantify these mis-
matches and identify key challenges in access provisioning,
link management, and data delivery. We hope these findings
will motivate further research on extending existing LEO
networks to serve users in orbit.

2 The Rise of Users in Orbit
This section characterizes the emerging users in orbit (§2.1)
and the backhaul demand they create (§2.2).

Table 1: Proposed orbital parameters of representative
orbital data-center constellations.

System Group Satellites 𝐻 (km) 𝑖 Orbit type

SpaceX [14]

1 99,900 550–568 26–32◦ Low inclination
2 99,980 565–585 97.7◦ Dawn-dusk SSO
3 249,750 686–718 30◦ Low inclination
4 244,860 707–744 97.2◦ Dawn-dusk SSO
5 249,750 946–978 30◦ Low inclination
6 253,880 967–1,002 99.4◦ Dawn-dusk SSO

Starcloud [7, 19] – 88,000 600–850 97.8–98.8◦† Dawn-dusk SSO
Blue Origin Sunrise [1] – 51,600 500–1,800 97–104◦ SSO

†Estimated from the disclosed SSO altitude range.

2.1 Users in Mission-Driven Orbits
Users in orbit are growing from a small number of special-
ized mission satellites into constellation-scale populations
of data-intensive spacecraft. Early space users were mainly
Earth observation satellites. A limited number of satellites
collected imagery and sensor measurements for applications
such as environmental monitoring, weather forecasting, dis-
aster response, and mapping. Recent advances in onboard
computing and artificial intelligence have expanded these
missions to include data filtering, inference, and analysis in
orbit. More recent proposals go further by deploying large
orbital computing and data center constellations (Table 1).
SpaceX has proposed Starmind, which could contain up to
one million satellites [22]. Starcloud and Blue Origin Sunrise
have disclosed systems involving 88,000 and 51,600 satellites,
respectively [1, 7, 19]. These proposals broaden the role of
space users from sensing to persistent computation. Users in
orbit are therefore becoming a constellation-scale population
rather than a collection of isolated spacecraft.

These satellites are mission-driven, so their orbital param-
eters are not chosen arbitrarily. Factors such as geographic
coverage, revisit frequency, lighting conditions, and solar
energy determine where satellites operate. Sun-synchronous
orbit (SSO) is particularly attractive because its orbital plane
maintains a nearly constant orientation relative to the Sun,
as illustrated in Figure 2. A satellite therefore passes over the
same region at approximately the same local solar time and
observes it under consistent lighting conditions, which is
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Figure 3: Orbital heterogeneity between SSO space
users and LEO network satellites.

valuable for Earth observation [6]. Dawn-dusk SSO further
keeps the satellite close to the day-night boundary, providing
near-continuous solar exposure, which benefits computing
systems with high energy demand. Accordingly, SpaceX and
Starcloud plan to place large portions of their computing
constellations in such orbits [7, 14, 19].

Figure 3 reveals orbital heterogeneity between SSO Earth
observation satellites and operational Starlink satellites. SSO
satellites exhibit a highly non-uniform RAAN distribution,
span a broader altitude range, and concentrate near inclina-
tions of 97–99 degrees. Starlink satellites instead distribute
at several discrete altitudes and inclination groups. Despite
partial overlap, the two types of satellites follow substantially
different orbital distributions.

2.2 Growing Demand for Backhaul
The growing population of space users creates substantial
demand for data backhaul. Earth observation is a typical
example. As illustrated in Figure 4, an Earth observation
satellite collects and processes imagery or sensor data, stores
the results onboard, and later transfers them to terrestrial
computing facilities. Existing Earth observation systems can
generate hundreds of gigabytes to several terabytes per satel-
lite each day [4, 20, 21]. A workload of 1 TB per day corre-
sponds to an average rate of approximately 92.6 Mbps. We
estimate that, across the 1,363 SSO Earth observation satel-
lites from Skyrocket [9], this yields an aggregate average
demand of 126.2 Gbps. The required rate during short con-
tact windows would be considerably higher. Future orbital
AI and data center constellations will further increase this
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Figure 4: The workflow of Earth-observation satellites.

demand. They may need to exchange model parameters, in-
termediate results, selected raw data, and operational status
with ground infrastructure.

However, existing space missions still rely primarily on
direct ground station contacts for data backhaul. A satel-
lite must wait until a suitable station becomes visible and
then transfer data within a limited contact window. This
store-and-forward process introduces long delays, bursty
transmission, and competition for antennas, spectrum, and
schedules. Adding ground stations is costly and constrained
by geography and regulation. Systems such as L2D2 [21]
and Serval [20] improve the use of existing infrastructure,
but remain limited by intermittent ground contact. As users
in orbit continue to grow, orbital backhaul requires a com-
munication substrate that provides broader availability and
greater performance without relying solely on direct con-
tacts with ground stations.

3 Reusing LEO Networks for Orbital
Backhaul

We argue that existing LEO satellite networks are a promis-
ing substrate for orbital backhaul. Their interfaces and resid-
ual capacity make reuse feasible (§3.1), while avoiding the
cost and delay of dedicated backhaul constellations (§3.2).

3.1 Existing LEO Networks Can Carry More
Existing interfaces enable physical access. Today’s
LEO satellites are equipped with radio frequency (RF) and
optical interfaces that could be adapted to serve users in
orbit. Earth observation satellites commonly use the S, X,
and Ka bands for telemetry, control, and data downlink [8],
while broadband LEO networks operate in bands including
Ku and Ka [16]. These overlapping capabilities provide a
potential path for radio access between the two systems. For
example, SpaceX filings describe each Starlink V2 satellite
as supporting 24 independently steerable radio beams and
three optical links with a capacity of 200 Gbps each [16]. The
upcoming Starlink V3 satellites further expand this capabil-
ity by increasing the number of optical intersatellite links
from three to six per satellite [17]. SpaceX also offers the
Mini Laser for integration with third-party spacecraft, with
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Figure 5: Uneven terrestrial demand and underutilized
LEO satellites.

a reported rate of up to 25 Gbps [13, 18]. Once a space user
connects to the network, existing ISLs and ground gateways
can carry its traffic to terrestrial infrastructure. These inter-
faces provide the basic access and forwarding capabilities
required for orbital backhaul.
Reported interface capacity suggests potential. Using
the demand estimate in §2.2, the 1,363 SSO Earth observa-
tion satellites require an aggregate average rate of 126.2
Gbps. The average demand per satellite, 92.6 Mbps, is far
below the reported 25 Gbps rate of a Mini Laser terminal.
For RF access, 57 satellites with 24 beams each would offer
1,368 beams simultaneously, comparable to the current space
user population. These comparisons suggest that existing
interfaces have the potential to support orbital backhaul.
However, their actual capacity depends on interface avail-
ability, resource sharing, and network conditions. Continued
advances in RF and optical interfaces, such as Starlink V3’s
substantially higher radio capacity and six optical ISLs per
satellite, suggest that LEO networks could further support
orbital backhaul at larger scales [17].
Spatially uneven demand creates reuse opportunities.
Terrestrial demand is unevenly distributed across geographic
regions [2, 10, 11]. Figure 5a shows that satellites over densely
populated regions carry more traffic, while many satellites
over oceans and sparsely populated regions remain lightly
loaded. Prior work shows that 90% of satellite capacity re-
mains underutilized [11]. Meanwhile, orbital users move
continuously across regions with different terrestrial loads.
Figure 5b reports the number of geometrically visible, lightly
loaded LEO satellites for each SSO Earth observation satellite.
It shows that 96.9% of these space users can see at least 200
lightly loaded LEO satellites. These results suggest opportu-
nities to reuse underutilized access resources for orbital back-
haul. With inter-satellite connectivity, orbital traffic could
reach ground gateways beyond the user’s direct visibility.
Temporal variation creates reuse opportunities. Ter-
restrial traffic usually varies over time, often following daily
activity patterns. This variation creates opportunities to
reuse network resources during periods of lower terrestrial
demand. Figure 6 shows estimated traffic profiles of three
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Figure 6: Diurnal traffic variation at LEO network PoPs.

representative Starlink points of presence (PoPs) based on
Cloudflare measurements [3]. All three exhibit substantial di-
urnal variation. As these PoPs span different time zones, their
periods of lower demand occur at different times. These re-
sults suggest opportunities to deliver orbital traffic through
less-loaded ground infrastructure. By using ISLs to reach
suitable gateways, orbital users could benefit from these
variations rather than relying only on direct ground station
contacts.

3.2 Why Reuse Existing LEO Networks
We next examine the broader rationale for reusing existing
LEO satellite networks for orbital backhaul.
Preserves scarce orbital resources. LEO space is becom-
ing increasingly crowded, including approximately 15,000
active satellites and more than 9,910 debris objects [15]. A
dedicated backhaul constellation would add another large
population of spacecraft and increase the need for orbit co-
ordination, collision avoidance, and spectrum sharing. Reuse
supports emerging orbital users without requiring another
global satellite constellation for backhaul.
Avoids high deployment costs. Deploying a dedicated
backhaul constellation is costly. Existing LEO satellite net-
works already provide much of the infrastructure needed
for orbital traffic delivery. Reusing this infrastructure can
reduce deployment costs.
Shortens time to service. Building a new LEO network
requires regulatory approval, spectrum coordination, manu-
facturing, launch, and ground deployment. These steps can
span several years before the network provides broad and
stable service. In contrast, reusing existing LEO satellite net-
works for orbital backhaul can fastly enable emerging orbital
applications without waiting for a long time.

4 Challenges in Network Reuse
While promising, reusing existing LEO satellite networks to
serve orbital users introduces new challenges. We first exam-
ine how mission-driven orbital demand complicates access
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Figure 7: Different access demand patterns of terres-
trial and orbital users.

provisioning (§4.1). We then analyze how heterogeneous
orbits challenge link continuity (§4.2). Finally, we show that
moving users in orbit makes fixed ground gateway-based
routing inefficient for data delivery (§4.3).

4.1 Demand and Provisioning Mismatch
Terrestrial demand follows population distribution.
Its major demand regions are geographically stable and con-
centrated at low and middle latitudes. Existing LEO satel-
lite networks reflect this demand pattern. Satellites are dis-
tributed approximately uniformly within each orbital shell to
maintain continuous coverage, while many operational satel-
lites occupy low and middle inclination shells that repeatedly
cover populated regions. This relatively stable demand geom-
etry allows operators to provision access beams and capacity
according to geographic demand.
Space demand follows a different spatial structure. Mis-
sions drive satellites to concentrate on orbits with similar
altitudes and inclinations. As introduced in §2.1, Earth ob-
servation satellites commonly use sun-synchronous orbits
to obtain consistent lighting conditions [6]. Recently pro-
posed systems, such as Starmind and Starcloud, also use
sun-synchronous orbits to obtain long periods of solar ex-
posure [7]. So space users form concentrated populations
along particular mission-driven orbits. Figure 7a shows that
this orbital concentration is significantly different from the
population-based distribution of terrestrial users.
Orbital demand and access resources are mismatched.
This mismatch changes as the LEO network moves. Figure 7b
shows that terrestrial and SSO demand vary differently as
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a LEO satellite moves. Terrestrial demand follows popula-
tion density, while SSO demand exhibits periodic peaks near
regions where orbital users concentrate. A LEO satellite for
backhaul may therefore encounter very different terrestrial
and orbital demand at the same time. We quantify one con-
sequence of this mismatch under the default ground-facing
RF configuration. We define the RF availability ratio as the
fraction of SSO users covered by at least one Starlink satel-
lite. As shown in Figure 8a, only about 22% of SSO users
are covered on average. We also calculate the total coverage
duration of each user over one day. Figure 8b shows that
most users are covered for less than six hours. Thus, even
before resource contention, the default ground-facing RF
configuration leaves many orbital users without coverage.
We next examine that even when orbital users are reach-

able by adjusting the interface orientation, the available in-
terfaces can serve only a limited number of them at the same
time. Figure 9 illustrates the different coverage and pointing
constraints of RF and optical access. RF access supports more
concurrent users, but the number of available beams is still
limited, and each connection receives less capacity. Optical
links provide much higher capacity, but each terminal can
point to only one user at a time, and the number of terminals
on each satellite is limited (3-6 ISLs) [24].
This challenge is further exacerbated because the same

limited resources already support terrestrial users and net-
work connectivity. Reusing them for orbital users creates
direct competition between terrestrial and orbital demand.
Access provisioning must continuously match users in orbit
with suitable interfaces and capacity while preserving ter-
restrial access and inter-satellite connectivity. Coordinating
these limited shared resources across two distinct demand
patterns poses a significant challenge.
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Figure 10: The comparison of link continuity.

4.2 Heterogeneous Link Dynamics
Terrestrial connectivity has stable references. Ex-
isting LEO networks manage terrestrial access using geo-
graphic regions. A terrestrial user may move, but its position
usually changes much more slowly than the LEO satellite.
Changes in its access link arise mainly from satellite motion.
Although the serving satellite changes, the user remains
within a relatively stable service region with a fixed gate-
way. This region provides a persistent reference for access
satellite selection and handover [25]. In the constellation,
inter-satellite links are mainly established between neigh-
boring satellites with similar orbital parameters. Although
these satellites keep moving, their relative geometry changes
slowly, allowing their links to remain stable for long periods.
Heterogeneous orbits destabilize orbital access. An
orbital user and a LEO network satellite may follow differ-
ent orbits. Their altitude, inclination, and phase can differ
substantially. These differences produce high relative mo-
tion and short contacts, even though both satellites follow
predictable trajectories. Figure 10a compares the handover
frequencies of terrestrial and SSO users. SSO users switch
their serving satellites much more frequently than terrestrial
users when accessing the nearest satellite. Figure 10b com-
pares the resulting link dynamics. Under nearest satellite
selection, SSO users experience roughly twice as many han-
dovers as terrestrial users, while most connections last only
tens of seconds. The longest visible strategy substantially
reduces the handover frequency and extends many SSO con-
nections to hundreds of seconds, with some lasting more
than 2,000 seconds. The selection strategy strongly affects
how long each link can be maintained.

Multiple orbital shells further complicate serving satellite
selection. Figure 10c shows that terrestrial users are served
mainly by the 43◦ and 53◦ shells under both selection strate-
gies. These shells provide repeated coverage over the low and
middle latitude regions where terrestrial demand is concen-
trated. Under nearest satellite selection, SSO users distribute

their connections relatively evenly across the four shells. The
result changes under longest visible association. More than
42.46% of SSO connections select the 97.5◦ shell, whose incli-
nation closely matches that of SSO users. Figure 10d explains
this preference. Under nearest satellite selection, the mean
connection duration remains only tens of seconds across all
shells. Under longest visible selection, connections to the
97.5◦ shell last more than 3,338 seconds on average. This du-
ration is substantially longer than that achieved through the
other shells. Orbital similarity, rather than proximity alone,
is therefore a key factor in link continuity.
These results expose a fundamental challenge for link

management. The closest satellite may provide a strong in-
stantaneous connection but require frequent handovers. A
satellite with compatible orbital motion may remain visible
much longer, but identifying it requires knowledge of future
contact opportunities and resource availability. The candi-
date set also changes as the user moves across orbital shells.
The network must repeatedly select among proximity, con-
tact duration, and available capacity while limiting service
interruption and control overhead. For optical access, each
change may additionally require acquisition, pointing, and
tracking of a new target. Maintaining continuous service
across heterogeneous and rapidly changing orbital relation-
ships is therefore substantially more difficult than managing
terrestrial access or links within a homogeneous orbital shell.

4.3 Backhaul without Fixed Gateway
Terrestrial delivery relies on stable gateways. Ex-
isting LEO networks organize data delivery according to
geographical regions. Although a terrestrial user’s serving
satellite changes, the user usually remains within the same
geographic region. So the network can deliver its traffic
through a relatively stable gateway and home PoP. For in-
stance, Starlink satellites forward user traffic to a home PoP
before entering the public Internet, and the user’s IPv6 prefix
is associated with its PoP [23]. This stable assignment sim-
plifies addressing and routing because network state does
not need to update every satellite handover.
Orbital motion changes the preferred gateway. A
fixed gateway is less suitable for a user in orbit. As the
user moves, the best available gateway to receive its traffic
changes continuously. Figure 11a shows the interval between
changes in the nearest gateway for SSO users. The nearest
gateway changes about every four minutes on average. We
quantify the cost of retaining a fixed gateway by comparing
two delivery strategies. The fixed strategy selects one gate-
way based on its average distance over the trace and retains
it throughout the experiment. The dynamic strategy selects
the nearest gateway at each time. As shown in Figure 11b,
the fixed strategy produces an average path delay of 81.18
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Figure 11: Gateway changes and path inflation.

ms, compared with 26.77 ms under dynamic selection. Se-
lecting the nearest gateway therefore reduces the average
path delay by approximately 67%. These results highlight
the benefit of adaptive gateway selection for orbital users.
However, changing the gateway or PoP may require prefix
reassignment and routing updates, which can disrupt ongo-
ing sessions. So the user’s address and session state must
remain stable even when the ground gateway changes.
Gateway selection alone is insufficient. Dynamic gate-
way selection can reduce path delay, but it does not guarantee
efficient delivery. Figure 12a maps the gateway assignments
under nearest gateway selection, while Figure 12b shows the
resulting load distribution. It shows that traffic concentrates
on a subset of gateways because users in similar orbits of-
ten prefer the same ground locations. These gateways may
become congested while others remain lightly loaded. The
resulting queueing delay may offset the propagation delay
saved by choosing the nearest gateway.
Meanwhile, orbital traffic may traverse multiple inter-

satellite links before reaching the selected gateway. Because
orbital demand can be both large and concentrated along
particular orbits, shortest path routing may funnel traffic
onto a small subset of satellites and links. Figure 12c shows
that routing SSO traffic along shortest paths to the nearest
gateways produces a highly uneven inter-satellite link load.
These links become potential bottlenecks which can limit the
overall backhaul performance even when the selected gate-
ways have sufficient capacity. These results make routing a
key challenge, as paths must be selected to avoid localized
bottlenecks rather than simply minimize distance.
Preserving terrestrial services. Since the same LEO
satellite network also carries terrestrial traffic, orbital back-
haul should be carefully routed and isolated so that its traffic
does not degrade existing terrestrial services. Efficient data
delivery requires both adaptive gateway selection and load-
aware routing, together with resource isolation between
terrestrial and orbital traffic.

5 Conclusion
Satellites are emerging as a new class of network users whose
growing backhaul demand cannot be met efficiently through
direct ground station contacts alone. We envision reusing
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Figure 12: Uneven gateway and ISL loads under
shortest-path routing.

existing LEO satellite networks for delivering data from orbit
to the ground. While promising, we examine that this vision
requires rethinking access provisioning, link management,
gateway selection, routing, and resource isolation. Looking
forward, LEO networks may evolve from systems designed
only for terrestrial users into a common communication
substrate that also connects users in space.
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