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Abstract—Low Earth Orbit (LEQO) satellite constellations are
becoming key enablers for connectivity and broadband coverage,
specifically in underserved or hard-to-reach areas. LEO satellites
are cheaper to launch and build, offer lower latency commu-
nication, and can be replaced more easily than Geostationary
(GEQO) satellites. However, LEO satellite systems face several
challenges. LEO constellations require many more satellites to
cover the earth, necessitating communication throughout the
constellation. In addition, the coverage of each LEO satellite
changes as it orbits the earth, unlike GEO, making constellation
design and control more challenging. In this paper, we analyze
the network performance of LEO satellite constellations. We focus
on propagation delays, a major delay component in inter-satellite
communications due to the vast distances. We examine the impact
of the number of orbital planes and the number of satellites
per orbital plane on the network performance. We analyze two
different topologies, static and dynamic, and apply two different
routing protocols for satellite communications. We show that, for
a fixed number of satellites, additional satellites per orbital plane
achieves superior performance compared to increasing the number
of orbital planes in a static topology. However, for the dynamic
topology, arranging the satellites in more orbital planes yields
better performance. In any general, the dynamic topology has
superior performance compared to the static topology. This paper
sheds light on the impact of scalability and architecture of satellite
orbits on the network performance of LEO satellite constellations,
highlighting the benefits of the dynamic topology.

I. INTRODUCTION

Satellite constellations are becoming more widely adopted
for observation, navigation, and communication applica-
tions [1]. Compared to ground-based networks, satellite constel-
lations have several key advantages. Once in orbit, satellites are
able to service remote locations comparatively easily. Satellites
are also self-contained systems, providing power generation and
distribution, flight controls, communication, and application-
specific functionality. This adoption of satellite constellations
for numerous applications coincides with the trend of new
constellations being designed for Low Earth Orbit (LEO) at an
altitude of 500-2000 km instead of Geostationary Orbit (GEO)
at an altitude of 36,000 km. LEO satellites have advantages
when compared to GEO: communication latency is lower due
to the lower altitude, and launching to orbit is less expensive;
it is about half the price of GEO satellites [2]-[4]. LEO
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satellites also have drawbacks: LEO satellites do not orbit
above a consistent point on earth’s surface, which means that
a satellite’s ground coverage changes with time. LEO satellites
also are unable to cover as large of a region on the earth’s
surface. For example, a GEO satellite can cover up to one third
of earth’s surface, while satellites in LEO orbit can typically
only cover hundreds to a couple thousand km? [5], [6]. This
means that multiple LEO satellites are required to service the
same region as a GEO satellite and more advanced networking
capabilities are required for the LEO satellite constellation.

In recent years, we have seen several commercial satellite
constellations; examples include Starlink [6] and Kuiper [7].
Both of these constellations will include over a thousand
satellites. With this in mind, it is important to consider the
implications of scaling the constellation. Satellites within one
constellation can typically communicate with each other (inter-
satellite communications) using laser/optical or RF communica-
tion channels. To facilitate communication between cities, data
must travel through many satellites on route to the destination.
This requires dedicated routing logic in all satellites. However,
these constellations must be carefully designed for optimal
network performance. As constellation designers, we must
carefully decide between different constellation size parameters,
routing algorithms, and topologies to achieve the required
network performance.

In this paper, we analyze the network performance of satellite
constellations and will examine how different characteristics
of the satellite constellation network affect the communication
latency. We focus on propagation delays since long distances
between satellites significantly impact communication latency.
We examine the impact of the constellation scale, specifically
the number of orbital planes (OPs) and the number of satellites
per OP, on the network performance. In addition, we examine
both a static and a dynamic topology. We apply two different
routing protocols for satellite communications to static and
dynamic topologies. We show that for a fixed number of satel-
lites, additional satellites per OP achieves superior performance
compared to increasing the number of OPs in a static topology.
However, for the dynamic topology arranging the satellites in
more OPs rather than increasing the number of satellites per
OP results in a better performance. This paper sheds light on
the impact of the network architecture in satellite orbits on the
network performance of LEO satellite constellations. We also
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show that the dynamic topology can achieve lower latency when
compared to the static topology.

II. RELATED WORK

Previous work examines how the delay of LEO satellite
communication networks is affected by the altitude of the
constellation [8] . This earlier work uses a satellite constel-
lation model used in older systems, and only considers the
smallest possible constellation for a particular altitude. Our
work considers more satellites and the process of increasing
the number of satellites in a constellation. This trend is useful
for increasing bandwidth, decreasing latency, and is enabled by
satellites become cheaper [3]. Additionally, we consider specific
routing algorithms and topologies that were not available at the
time of this publication.

Additional previous work in [9] examines large scale LEO
satellite constellations with variable numbers of satellites. This
work utilizes a downlink system model which assumes a
Poisson point process distribution of satellites throughout the
LEO region. Assuming a randomized distribution allows them
to work with satellite density rather than any particular orbital
pattern such as the common Walker-Delta constellations [10].
Additionally this work focuses on satellite to ground signals
while we consider specifically satellite to satellite communica-
tions.

Previous work in [11] also explores the efficiency of commu-
nications in LEO satellite communications. However, this work
analyzes communications between GEO and LEO satellites as
a single server model rather than a LEO constellation. Addi-
tionally this work focuses on the antenna scheduling problem
for individual satellites while we focus on the routing problem
of an entire constellation.

ITII. SATELLITE NETWORK MODEL

‘We model constellations as Walker-Delta constellations [10],
of which Starlink [6] is a recent commercial adoption. The
parameters for such constellations are ¢ : t/p/f, where i is
the inclination angle of the orbital planes (OPs), ¢ is the total
number of satellites, p is the number of OPs, and f is the
relative spacing between satellites in neighboring planes. This
implies a fifth parameter, the number of satellites per OP: ¢/p.
All satellites within an OP are spaced evenly throughout the
entire orbit. OPs are spaced evenly around the equator, resulting
in good coverage of the space between slightly beyond —¢ and
1 latitude, depending on the field of view of the satellites. The
f parameter determines the phase offset between satellites in
neighboring OPs. In a Walker-Delta constellation, OPs intersect
with each other twice per orbit, which has potential for causing
collisions between satellites. By changing the f parameter,
the minimum distance between satellites as they pass by each
other can be maximized, reducing the risk of collision [12].
Fig. 1 shows the orbital paths of satellites in a Walker-Delta
constellation with eight OPs (p = 8) over an equirectangular
projection of the earth.

We consider two different satellite network topologies: static
and dynamic. In the static topology, each satellite maintains

four permanent links, two to the nearest neighbors within its
orbital plane and two to the satellites in the same phase of the
adjacent orbital planes. This topology is consistent with existing
work [13]. We define the dynamic topology, where each satellite
maintains three permanent links and uses its fourth link to
temporarily connect with passing satellites, similar to previous
work [14], [15]. The first two permanent links connect a
satellite to each of its neighbors within its orbital plane. The
third permanent link connects to a satellite in a neighboring
orbital plane, where satellites within one orbital plane alternate
the direction of their links between east and west. So, these
permanent links create a topology similar to the static topology,
except half of the links between satellites in neighboring OPs
are removed. These permanent links are used to ensure that the
constellation remains connected.
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Fig. 1. The orbits of satellites on the equirectangular projection of the
earth. Different colors help differentiate different OPs. Two dots are displayed
showing how satellites might pass each other despite several OPs apart.

Satellites that are travelling in different directions near the
same point would require data to travel very far for commu-
nication between them. For example, in Fig. 1, consider two
satellites located at the points in the image. Using a static topol-
ogy, communication between these two satellites would need to
travel around the world even though they are physically close
together. By allowing satellites to create temporary links, these
two satellites might be able to connect directly, significantly
reducing the distance communication must travel.

Since each satellite uses directional wireless optical links
for communications, we must choose how satellites connect to
each other. There are a variety of algorithms to select which
temporary links are used [14], [16]. For this work, we use an
algorithm that calculates how long different temporary connec-
tions are available, then greedily adds the longest connections
into the constellation topology. This is a very simple method for
selecting which temporary links to use, but we use this method
to demonstrate the benefits of a dynamic topology. Some other
algorithms might try to reduce the distance between cities [17]
or create repeating patterns of connectivity [18].

IV. CONSTELLATION ROUTING

Routing algorithms developed specifically for satellite con-
stellations exist, and two popular algorithms will be highlighted
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and examined in this paper. The first routing algorithm is
the Orbit Prediction Shortest Path First (OPSPF) [19]. OPSPF
builds on the Open Shortest Path First (OSPF) while utilizing
the predictable nature of satellite constellations to improve
efficiency. In OPSPF, each satellite periodically generates a
routing table using a shortest path algorithm. This table is
only valid for a short period of time, after which connections
between satellites might go down or the shortest paths might
change.

DisCoRoute [20] is another routing algorithm based on
knowledge of the locations of satellites. However, DisCoRoute
focuses on minimizing the computation required for routing.
DisCoRoute assumes that the constellation uses a static topol-
ogy; thus, this algorithm will only be tested for this topology.
The key assumption of DisCoRoute is that hops between OPs
tend to be shortest near the poles. This is because, looking
at the slice of the earth at a particular latitude, the radius of
this circle is smaller closer to the poles. DisCoRoute selects
the path with inter-orbital plane hops are nearest to the poles,
where links are shortest, approximating the shortest path.

V. EVALUATION

In this work, we examine how the number of satellites in a
constellation affects the network propagation delay. We focus
on propagation delay because the vast distances travelled in
inter-satellite communication makes it a major component of
delay, while the high bandwidth links reduces the cost of other
types of delay, such as transmission or queuing delay. There
are two main parameters that we consider: the number of OPs
and the number of satellites per OP. We examine constellations
with different constellation parameters under both static and
dynamic topologies, employing two different routing algorithms
presented earlier in Section IV.

A. Experimental Setup

To evaluate the scalability of satellite constellation routing al-
gorithms, we simulate these algorithms in the Mininet network
simulator [21]. Both the OPSPF and DisCoRoute algorithms
are simulated for numerous constellation sizes, and we measure
the delay in communications between different cities. We select
fifteen of the largest cities of high population density across
the globe, with the additional constraint that all cities must be
at least 20° degrees separated from any other city selected to
ensure that inter-satellite communications are needed for the
communications between any pair of cities [22]. Then traffic
is generated from every city to every other city in this set,
proportional to the sum of the populations of the two cities.
The cities are shown in Fig. 2 and in Table 1.

In our simulation, each satellite has four laser transceivers
to connect with nearby satellites. We assume that satellites
have perfectly circular orbits, with no deviation from their ideal
locations. In the dynamic topology, we assume that lasers are
properly positioned after five seconds from ending the previous
connection, and do not lose connection or interrupt commu-
nication until the links are brought down. We assume that
communication between satellites is limited by the atmosphere

TABLE I
THE CITIES USED IN THIS EVALUATION.

City Name Country Latitude (°) | Longitude (°)
Tokyo Japan 35.68 139.69
Jakarta Indonesia -6.18 106.83

Guangzhou China 23.13 113.26
Delhi India 28.61 77.23

Mexico City Mexico 19.43 -99.13

New York USA 40.69 -73.92
Cairo Egypt 30.04 31.24

Sao Paulo Brazil -23.55 -46.63
Lagos Nigeria 6.46 3.38
London England 51.51 -0.13

Los Angeles USA 34.11 -118.41
Johannesburg South Africa -26.20 28.05
Dar es Salaam Tanzania -6.82 39.28
Lima Peru -12.06 -77.04
Moscow Russia 55.76 37.62
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Fig. 2. Locations of cities used in evaluation on the equirectangular projection.
Additionally, this graph shows lines marking the maximum and minimum
latitude that satellites will fly over, though coverage is slightly beyond these
lines because of the satellites’ field-of-view.

and not by limitations of the lasers, which is consistent with
several commercially available lasers [23]. We also assume that
each satellite has a field of view of 60° towards the earth. We
consider constellations at an altitude of 550 km, about a 90-
minute orbital period, and a 53° inclination angle, all of which
are consistent with Starlink constellation [6].

When looking at a satellite constellation, an important feature
is the distance between satellites. Calculating the distance
between two adjacent satellites within one OP is simple since
the satellites are spaced evenly. So, two neighboring satellites
are 360°p/t apart. The distance between connected satellites
in adjacent OPs is more complicated. The distance between
these satellites varies as the satellites orbit, though the satellites
tend to be closest together near the poles. With some spherical
trigonometry, we can show that on average the separation
between connected satellites in neighboring OPs is less than
360° /p.

A Walker-Delta constellation with sufficiently many satellites
provides full coverage between +(i+¢) latitude, where i is the
inclination angle of the orbital planes (OPs) and ¢ is determined
by the field-of-view of the satellites. This is because the highest
and lowest points of the orbits are at -4 and satellites are able
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to view a region on the ground. The highest and lowest latitude
lines for the constellations we test, 53°, are shown in Fig. 2.
We notice that Moscow is slightly outside of this region, but it is
still able to be covered by the constellation because it is always
within a satellite’s field of view. Reducing the total number of
satellites in the constellation below a certain limit would result
in some cities not being serviceable by a satellite at all times
during the satellite orbits. This property was found by testing
satellite constellations until one was found that failed to have
a satellite in range of all cities at any time. This imposes a
minimum number of 384 satellites in our experiments.

At any given moment in time, a point on the earth’s surface
might be within the field-of-view of multiple satellites. When
a packet is generated at a particular location, we assume that
the ground station is able to intelligently select the source and
destination satellites. That is, a ground station can select the
source-destination pair with the lowest cost to route traffic
through. For the OPSPF algorithm, the satellites with the lowest
distance between them is selected. Note that the DisCoRoute
algorithm does not track the distance between nodes, instead
the route with the fewest number of hops is selected. We do
not consider the propagation delay for uplink or downlink, and
focus on the inter-satellite routing.

Our simulator utilizes Mininet [21] to simulate network
characteristics with updates to satellite locations every second.
This leads to a small amount of error in the propagation
delay calculation, however it is negligible compared to the
total propagation delay of the system. At 550 km altitude,
satellites are traveling at 8 km/s, so two satellites traveling in
opposite directions sill separate at 16 km/s. This results in a
maximum possible error in delay of 54 ps/s/hop. As we will
see, the typical propagation delay is on the order of a few
tens milliseconds, three orders of magnitude higher than the
maximum possible error.

B. Impact of the Number of Orbital Planes

Our first experiment focuses on the impact of the number
of orbital planes on the communications delay between cities
through the constellation. We keep the number of satellites
per OP constant at 24 for all constellations, then changed the
number of OPs between 16, 18, 20, 22, 24, 26, and 28 OPs.
This range was selected because all constellations provide full
coverage of the earth and this range provides insight into how
satellite constellations scale. The results are shown in Fig. 3.

It is observed that there is an optimal number of OPs
(between 20 and 24 OPs) to achieve the lowest propagation
delay between cities. One might expect that as we increase
the number of satellites, more direct routes become available,
allowing the constellation to reduce the propagation delay.
However, that is not always the case because the propagation
delay can only be reduced to a theoretical limit. Ultimately,
cities are physically separated from each other, so propagation
delay is limited by the speed of light and this distance.
Approaching this theoretical minimum value is achieved by
increasing the density of satellites, allowing for a shorter path.
Beyond a certain density in the satellite constellation, there is
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Fig. 3. The mean delay between cities for different constellation configurations
and routing algorithms. The error bars show the 95% confidence interval
for each point. This shows that the dynamic topology outperforms the static
topology for all parameters.

no longer much benefit in adding more OPs because there is
little room for improvement. The trends shown in this graphs
can also be explained by looking at the number of hops and the
per-hop distances which will be presented in Subsection V-D.
The delay decrease as the number of hops decreases or the
average per hop distance decreases.

From Fig. 3, comparing DisCoRoute to OPSPF on the static
topology, we see very similar trends for all cases. As the num-
ber of OP increases, both of these algorithms see decreasing
average propagation delay between cities. It can be seen that the
OPSPF achieves a much lower delay compared to DisCoRoute
for the different number of orbital planes. Additionally, as
expected the dynamic topology outperforms the static topology.
This is expected since the dynamic topology has one flexible
link that can reduce the overall delay.

C. Impact of Number of Satellites Per Orbital Plane

In this experiment, we examine the impact of the number
of satellites per OP on the delay performance of inter-satellite
communications. Here, the number of OPs is kept constant
at 24, and the number of satellites per OP changes between
16, 18, 20, 22, 24, 26, and 28 satellites per OP. Again, all of
these constellations provide full coverage of the earth, which
is why this range is used. The results from this test are shown
in Fig. 4. As expected, increasing the total number of satellites
in the constellation tends to decrease the propagation delay
between cities. Similar to the previous experiment, we can see
that OPSPF is superior to DisCoRoute, and dynamic topology
helps reduce the communications latency.

It is noted that increasing the number of satellites per OP
reduces the distance between satellites within one OP, while
increasing the number of OPs reduces the distance between
satellites in neighboring OPs. As discussed in Subsection V-A,
the distance between satellites within one OP is 360°p/t.
Additionally, the maximum distance between satellites in neigh-
boring OPs is slightly larger than 360°/p, with the average
distance being smaller. When the number of OPs is equal to the
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Fig. 4. The mean delay between cities for different constellation configurations
and routing algorithms. The error bars show the 95% confidence interval for
each point. This shows how increasing the number of satellites per OP reduces
the propagation delay.

number of satellites per OP (p = ¢/p), increasing the number
of OPs reduces the distance between satellites in neighboring
OPs. This dimension is already on average smaller than the
distance between satellites within OPs.

D. Number of Hops

Fig. 5 shows how the number of hops is affected by the
number of nodes in the network through increasing the number
of OPs or the number of satellites per OP. In most cases, the
average number of hops increases as the number of satellites
increases. The region covered is constant, so signals transit
more satellites between locations on the earth. In Fig. 6, we
show the average distance per hop. In most cases, as the number
of nodes increases, the distance traveled per hop decreases,
except for DisCoRoute, where as the number of OP increases
such that the total number of satellites exceeds 550, the number
of hops decreases and the per-hop distance increases.
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Fig. 5. The mean number of hops between locations on the ground. The error
bars show the 95% confidence interval for each point. In most cases, as the
number of satellites in the constellation increases, the number of hops between
ground locations increases.
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Fig. 6. The average distance traveled per hop. This shows that, even though
the number of hops tends to increase, the distance traveled per hop tends to
decrease as the size of the constellation increases.

E. Combined Results

Lastly, we combine all results onto a single graph so that
scaling the number of OPs can be compared with scaling the
number of satellites per OP. Both experiments use the same
total number of satellites in each constellation: 384, 432, 480,
528, 576, 624, and 672 satellites (which is why we use the
same constant value of 24 in both experiments). The combined
results are shown in Fig. 7.
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Fig. 7. The mean delay between cities for different constellation configurations
and routing algorithms. The error bars show the 95% confidence interval for
each point. This shows that the impact of changing the number of OPs and the
number of satellites per orbital plane depends on the network topology.

As can be seen in Fig. 7, for the dynamic topology arranging
the satellites in more OPs will result in a slightly better
performance compared to increasing the number of satellites
per OP, given a fixed total number of satellites in both cases.
In the static topology, for a fixed number of satellites (greater
than 600), additional satellites per orbital plane achieve superior
performance compared to increasing the number of OP. When
increasing the size of the constellation, the dynamic topology
has the lowest latency for almost every test case since the
dynamic topology allows for satellites to quickly send data
in any direction. In the static topology, when satellites are
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traveling northeast, they have connections to the east, west,
northeast, and southwest. When traveling southeast, satellites
have connections to the east, west, southeast, and northwest,
so it is costly for satellites to send data in a direction other
than the direction of its links. For example, a satellite travelling
southeast trying to send a packet northeast would first have to
send the packet to the northwest then to the east. The dynamic
topology gives each satellite up to one neighboring satellite
that is traveling in the other direction. This means that even if
a satellite is not connected to another satellite traveling in the
opposite direction, it is likely near a satellite that has such a
connection. So, the dynamic topology allows for satellites to
more easily send data in any direction.

VI. CONCLUSION

In this paper, we analyze LEO satellite constellations com-
munication latency. We assess the impact of the scale of satellite
constellations on the propagation delay between different loca-
tions across the globe. We consider two different topologies,
static and dynamic, and apply two different routing protocols
for satellite communications. We show that for a fixed number
of satellites, using more satellites per orbital plane achieves
superior performance compared to a larger number of orbital
planes in a static topology. This is different for dynamic
topologies, where arranging the satellites in more orbital planes
rather than increasing the number of satellites per orbital plane
results in a better delay performance. We show that the dynamic
topology provides a way to reduce the propagation delay across
the network without requiring more satellites. Overall, the
results show that the arrangement of satellites into orbits in
space will depend on the network topology and the constellation
routing algorithm used.
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