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Abstract—Low Earth Orbit (LEO) satellite constellations en-
able global connectivity, but face unique routing challenges due to
dynamic topologies and limited resources. Routing performance
is mostly influenced by two conflicting metrics: the network load
and the end-to-end latency. The former is closely tied to reliability
and throughput, whereas the latter directly regards the user-
perceived responsiveness. This paper introduces two bi-objective
linear programming models for routing in LEO constellations,
jointly minimizing congestion and path latency. While propaga-
tion delay is essentially fixed by links geometry, queuing delay
constitutes the main variable contributor to latency. The novelty
of this work lies in integrating this delay into a model through
a piece-wise linear function of link load, capturing its impact on
end-to-end performance. While this coupling implies that latency
partially reflects load, minimizing latency alone does not ensure
network-wide load balancing since shortest-path routing tends
to concentrate traffic on a limited set of links; the proposed
framework tackles this trade-off and enables a rigorous analysis
of the conflict between load balancing and latency.

Index Terms—Optimization, LEQ Satellites, Routing, Linear
Programming, QoS

I. INTRODUCTION

Large-scale Low-Earth Orbit (LEO) satellite constellations,
often referred to as mega-constellations, have emerged as a
new paradigm for global broadband connectivity. Systems
such as Starlink, Kuiper, or OneWeb deploy thousands of
satellites orbiting at altitudes typically ranging from 340 to
1200km, organized in multiple orbital shells and planes.
Unlike their geostationary predecessors, these constellations
leverage proximity to the Earth surface to offer significantly
lower propagation delays, on the order of a few milliseconds
per hop, thereby positioning themselves as credible candidates
for latency-sensitive applications. End-user traffic enters and
exits the constellation through ground stations (i.e., gateways
or Points of Presence) that establish radio links with the
satellites passing overhead, inherently transient due to the high
orbital velocity of LEO satellites. Thus, periodic handovers
must be performed to transfer an active session from one
satellite to the next as the constellation evolves, resulting in a
dynamic network topology that continuously reconfigures on
timescales of seconds to minutes.

Routing in such an environment raises challenges that go
well beyond those encountered in terrestrial networks. The
time-varying topology, the heterogeneity of link characteristics
and the scale of the network (potentially tens of thousands of
nodes) require routing strategies that are both computationally
efficient and physically meaningful. Most existing approaches

optimize routes with respect to a single metric, predomi-
nantly latency, providing an incomplete view of the end-to-
end performance: a minimum-latency path that crosses highly
congested links may deliver poor goodput (i.e., application
level throughput) leading to poor application performance.
Conversely, a path that only maximizes available capacity may
cause latencies incompatible with real-time service require-
ments.

This contradiction between latency and congestion appears
at the transport layer. Modern congestion control algorithms,
including widely deployed variants of TCP, determine their
sending rate as a direct function of both the round-trip time
(RTT) and the observed packet loss or queuing delay. For in-
stance, in loss-based TCP variants, the steady state throughput
is commonly approximated as inversely proportional to both
the RTT and the square root of the loss rate. In rate based
schemes such as BBR, the estimated bandwidth-delay product
governs the sending rate, making it explicitly dependent on
both the path latency and the available capacity. Consequently,
a routing decision that minimizes latency at the expense
of crossing a congested path may paradoxically reduce the
achievable transport-layer throughput due to increased loss or
queuing, while a decision that avoids congestion but inflates
the RTT may equally degrade performance. Latency and
capacity thus act as antagonistic metrics from a routing point
of view: improving one often comes at the cost of the other.
This motivates the need for a routing framework capable of
navigating this trade-off, as the one presented in this paper,
optimizing jointly latency and link utilization.

Our approach joins multiple objectives into a unique model
to address the static routing problem. This enables the selec-
tion of paths that balance low latency with sufficient load-
distributing. Furthermore, by incorporating a queuing delay
penalization reflecting the current load on each link, we
introduce a first step toward congestion impact awareness.

This paper is organized as follows. Section II presents the
satellite system model and the proposed routing metrics. Sec-
tion III reviews related work on routing in LEO constellations.
Section IV details the routing optimization models. Section
V presents simulation results illustrating the latency—capacity
trade-off, and Section VI concludes the paper. A discussion
on the limits of the models and on future work objectives is
proposed in Section VII.
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Fig. 1: Satellite shell of a LEO constellation

II. SYSTEM AND PROBLEM PRESENTATION
A. LEO constellation topology

Modern LEO satellite constellations are commonly de-
ployed using Walker Delta configurations, typically organized
into multiple shells, each defined by a common orbital altitude
and inclination. Within a shell, satellites are distributed across
several orbital planes, with a fixed number of satellites per
plane moving in the same direction. Satellites are intercon-
nected via Inter-Satellite Links (ISLs), enabling both intra-
plane communications among adjacent satellites in the same
orbit and inter-plane communications between satellites in
neighboring orbital planes. Since all satellites within a shell
orbit at the same angular velocity, the shell can be represented
as a regular mesh-like topology with stable connectivity as
shown in Fig. la. While the topology remains unchanged,
the physical distances between satellites vary with latitude,
decreasing near the poles as the orbital planes become closer.

The primary objective of LEO constellations is to provide
connectivity to terrestrial users. This is achieved through
Ground-to-Satellite Links (GSLs), which connect ground sta-
tions to visible satellites. Due to their low altitude, LEO
satellites move rapidly relative to the Earth’s surface, resulting
in frequent changes in satellite visibility and the necessity
of regular handovers between satellites. Therefore, while the
ISL topology within a shell remains largely stable, the overall
network topology is highly dynamic, with GSL connections
lasting only few minutes depending on the orbital altitude.

Satellite constellations are commonly modeled as graphs
representing a snapshot of the network at a given instant [1] as
illustrated in Fig. 1b. In this representation, vertices correspond
to satellites and ground nodes, while edges represent active
ISLs and GSLs. As GSLs evolve over time, successive graph
snapshots capture the dynamic nature of the overall network.

B. Routing in a LEO constellation

LEO satellite networks support heterogeneous services rang-
ing from best-effort Internet traffic to delay-sensitive appli-
cations such as video conferencing, real-time streaming, and
remote-control systems. These applications exhibit diverse
Quality-of-Service (QoS) requirements in terms of latency,
throughput, reliability, and packet loss tolerance. Routing

determines the path followed by packets from source to
destination within the constellation and, as a result, directly
affects these performance requirements.

End-to-end latency is one of the most critical metrics. In
packet-switched networks, latency is generally composed of
four components: (i) Processing Delay corresponding to the
time required by a node (satellite or ground station) to handle
the packet (i.e., inspect headers and determine the outgoing
interface); (ii) Transmission Delay representing the interval
required to push the packet’s bits onto the physical link,
determined by the packet size and the link’s bandwidth; (iii)
Queuing delay constituting the time packets spend waiting in
buffers before transmission; (iv) Propagation Delay being the
time required for a signal to travel across the physical medium,
it is strongly related to the distance and the speed of the link.
The end-to-end latency of a route is obtained by summing
these delays over all nodes and links along the selected
path. Particularly in LEO constellations, propagation delays
are largely determined by the physical distances between the
objects (satellites or ground stations), whereas queuing delays
depend on the current traffic load.

Another major indicator of network performance is link
utilization. Since both ISLs and GSLs have finite transmission
capacities, traffic demands exceeding the available capacity
may generate congestion and increase queue occupancy. The
resulting queuing delays can significantly impact end-to-end
latency and may lead to packet losses due to buffer overflow.

Therefore, efficient routing strategies should not focus
solely on minimizing path lengths but also account for load
balancing in order to limit queuing delays and packet losses.
In this paper, we consider the static routing problem, in which
routing decisions are computed on a single graph snapshot of
the constellation. Although real LEO networks evolve continu-
ously over time, this snapshot-based model serves as the basis
in understanding the behavior of the proposed optimization
models. The dynamic aspects of the routing problem are left
for future work; some directions are discussed in Section VII.

III. RELATED WORK

Routing in LEO satellite constellations raises new chal-
lenges that differ significantly from those of terrestrial net-
works (e.g., handover with ground stations, limited onboard
resources, ...). These specificities which emerged with the
development of large satellite constellations [2], require sub-
stantial adaptations of existing routing approaches so that they
can scale to networks of thousands of nodes while accounting
for various, often conflicting, criteria [3]. Yet most existing
approaches address only specific aspects of the problem and
do not aim to jointly optimize all relevant performance metrics
and resource utilization; moreover, traffic monitoring today is
typically performed at the satellite scope rather than across
the whole network. The goal of this work is to propose a
centralized optimization approach for load-balancing across
the satellite network.

In existing centralized solutions, the Shortest Path (SP)
routing is widely used particularly to optimize the latency [4].



Some efficient algorithms exist such as Dijkstra’s [5] or other
Dijkstra’s based implementations [6], optimizing one criterion
only, generally latency.

Alternatively, the routing problem can be formulated as a
Multi-Commodity Network Flow (MCNF) optimization prob-
lem where the primary objective is often to minimize the
link utilization and balance network load. In this problem,
several commodities must be routed from their respective
source to destination nodes across a network, while satisfying
demand requirements and network constraints such as arc
capacity limitations. In the context of our work, the routing
problem is modeled as an Unsplittable MCNF (UMCNF)
[7], [8], in which each service corresponds to a commodity
defined by a single source—destination pair, and each demand
must be routed along a single and unsplittable path. In the
telecommunication literature, this problem is also known as
the Bandwidth Packing Problem (BPP) [9].

These optimization problems have different objective func-
tions to model the throughput allocation optimization. As the
goal is generally to avoid congestion, occurring when an arc
exceeds its capacity, minimizing the overload is a natural
choice. In [10], this objective function was proposed to develop
an efficient heuristic, competitive with SP methods in terms
of computation time and providing a good approximation of
the optimum routing with respect to the load [11]. The authors
also extended this model to solve the dynamic problem in [12].

Exploring these problems with the consideration of two
opposed metrics is quite recent. For instance, [13] propose
a MCNF model with two opposite objectives and multiple
variables and constraints to model the transportation system.
Other approaches consist in expressing a cost as a function of
a load, such as [14], using a piece-wise linear cost function in-
cluded in the UMCNF model in order to find the best trade-off
between the QoS metrics. This cost is nevertheless a generic
metric that does not adapt naturally to the context of the
conflict between latency and capacity in LEO constellations.

In the domain of telecommunications, some papers have
early started to integrate queuing delay expression and con-
straints in the models. This consideration has been seen in
UMCNEF [15] as well as in BPP models [16], [17], [18]. In
these propositions, the queues on the links are considered as
M/M/1 queues, then the models use the exponential formula
to interpret the queuing delay.

The present paper aims to combine the two conflicting
optimization criteria (latency and link load) within a static
routing model by considering a penalization of the queuing
delay based on the load. This combination leads to a novel
model applied to the specificity of LEO constellations.

IV. ROUTING MODELS

In this section, two bi-objective Linear Programs (LP) for
the static routing problem in LEO satellite constellations are
presented. Both formulations are built upon the UMCNF
model and aim to jointly optimize network load and end-to-
end performance through different latency representations.

A. Definitions and notations

The LEO constellation network is represented as an oriented
graph, N = (V, A), where V = Vg U Vi denotes the set of
vertices, comprising both satellites (Vg) and ground stations
(Vo). The set of arcs A represents the directed links where
uq € V is the origin and v, € V the destination node of arc
a € A. Each arc a is associated with a positive propagation
delay denoted d, and a positive link capacity denoted c,. For
sake of simplification, we assume constant processing delay
and fixed packet length resulting in constant transmission
delay. Consequently, these delays are not considered in the
proposed models. The set of commodities, K, defines all the
services to be routed where, for a service k € K, S* € Va is
the starting ground station, 7% € V{; is the destination ground
station and 7 is the required flow throughput for service k.
The problem addressed here is to allocate the throughput r*
on a single route linking S* and T* for each service k.

B. Basic flow constraints

To find routes, the binary variables x’; indicate whether the
path of service k passes through arc a. These binary variables
ensure that a unique path is assigned to each service. The
following basic flow constraints are defined to describe the
routes from S* to T},. For each service k and node w:

1 if w=TFk
dooak— > k=91 i w=5" (1)
A€A,va=w a€EAug=w 0 otherwise

C. Load objective

With z variables, the load on the arc a, denoted [, is
expressed as follows :

lg = Z x’;r’“ 2

keK

In order to avoid congestion, a commonly adopted objective
is the minimization of the Maximum Link Utilization (MLU).
Routing solutions obtained by minimizing MLU with respect
to flow constraints solely yield the theoretical minimum MLU
value, which is an important indicator of the global network
utilization. The MLU is expressed as:

la
MLU := max — 3)
a€A Cq

D. Latency objective

In absence of congestion, the end-to-end latency of a path
corresponds to the sum of propagation delays along all arcs
crossed. For the service k, the corresponding latency LF is:

Lk = Z akd, 4)

acA

Determining routes with minimized latencies is equivalent to
solving the Shortest Path (SP) problem with propagation delay
used as the link weight. However, if additional constraints or
objectives are introduced, traditional SP algorithms become
insufficient to obtain optimal solutions: linear optimization



models become necessary. To avoid potential disparities in the
route lengths, the latency of each route is normalized by the
corresponding shortest-path latency, L’g p- These normalized
values are then aggregated to form a global latency score,
Lscorg. Minimizing this score aims to keep the latency of
each route as close as possible to its shortest-path latency.

Lk
Lscore = Z Th ®)
kek —SP

E. Routing in LEO constellation: bi-objective models

Considering latency and link utilization as separate objec-
tives provides only a partial solution to the routing problem.
Those two criteria are closely related, as high link utilization
may result in congestion, which subsequently increases la-
tency. Therefore, this section proposes two bi-objective routing
models accounting for both aspects and identifying a suitable
trade-off between efficient load distribution and low latency,
one of which incorporating also a queuing delay penalization.

a) Bi-objective Load - Latency with Propagation delay
(BoLLP) model: A first approach is to formulate a model
that combines both metrics into a single objective function. A
weight factor is added to equilibrate the contribution of each
objective, as MLU is close or greater than 1 under congestion,
whereas Lscorp reaches |K| at its optimum (shortest path
for all services in K'). The resulting objective is given by:

min |K|MLU + Lscorr (6)

b) Bi-objective Load - Latency with Queuing delay
(BoLLQ) model: A refined modeling approach consists of
directly incorporating the effect of congestion on latency.
While most models of this type represent network links as
M/M/1 queues and derive delays as a function of traffic load
with the known exponential formula [17], we define a piece-
wise linear (PWL) cost to capture this effect linearly.

In our model, the PWL function ¢ reprimands the latency
penalty due to link overload as a monotonically increasing
function of the load-to-capacity ratio p,. When the link oper-
ates below capacity (p, below 1), ¢(p,) remains minimal; in
contrast, for higher p,, ¢(p,) grows to impose severe penalties,
ensuring that higher overloads incur disproportionately larger
queuing delays and thus discouraging link saturation.

While ¢ is not designed to capture exact queuing delays, it
aims to provide a resilient congestion penalty. To this end, its
definition is grounded in the full queuing delay, representing
the waiting time when the buffer is fully occupied. This value
is determined by the buffer size (i.e., number of packets it
can contain), packet length (i.e., bytes per packet), and link
capacity, which are fixed parameters in our model. Thus, the
full queuing delay for an arc a is expressed by:

Full_qd, — Packet_Length x Buf fer_Size e

Ca

Now, the latency formulation is enhanced by incorporating
the queuing delay cost g. Consequently, the latency of a path
is computed as the sum of both propagation and queuing

delay costs along the traversed arcs. To maintain a linear
formulation, two auxiliary variables are defined. The variable
q. corresponds to the queuing delay cost on arc a, determined
by the ¢ function based on the load ratio p,, whereas ¢* is the
accounted cost for service k on arc a. ¢* equals g, if the path
of service k contains arc a and O otherwise. These variables
are introduced by the two following constraints, M ax_q being
the maximum value of g:

a <q, (8)
q¥ > ¢, — Mazx_q(1 — x§) 9)

The latency definitions integrating the queuing delay cost
are given below:

LY = akdy + (10)
acA
Lk
Lscors, = Y, 75— (1)
kek —SP

Finally, the BoL L@ model can be formulated as follows:
min |K|MLU + Lscore,
st (1),(8),(9)

It is important to note that the formulation remains bi-objective
by maintaining the MLU component in addition to Lscorg,
which already accounts for network load through the queuing
delay costs. Indeed, minimizing the latency of individual paths
does not necessarily lead to balanced resource utilization
across the network, as such an objective inherently favors
shortest paths. Consequently, the congestion-related objective
must be preserved to ensure global load balancing.

V. PERFORMANCE ANALYSIS

This section evaluates, in terms of load and latency, the
proposed routing optimization models: (1) the BoL L P model,
a bi-objective formulation where the latency calculation ac-
counts solely for propagation delay, and (2) the BoLLQ
model, which integrates queuing delay into the formulation.
For comparison purpose, (3) the ALL_S P model, optimizing
latency only by accounting all shortest paths and (4) the
MIN_MLU model, which minimizes the MLU under flow
constraints are also considered.

A. Evaluation setup

The evaluation is conducted on a satellite constellation com-
prising 13 orbital planes, each hosting 13 satellites, connected
with the ground users via 100 ground stations located in major
global cities, then non-uniformly distributed across the Earth’s
surface. We assume the link capacity is 1000 Mbps on all links.
The satellite network is generated using SatComTopology sim-
ulator [19], a Python-based framework designed to generate
realistic satellite communication topologies. The LP models
are optimized thanks to Gurobi solver [20].

Service demands are randomly generated and uniformly
distributed across the network. The required throughput rj, is
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Fig. 2: MLU resulted for the four considered models for different number of services and throughput requirements
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(a) ALL_SP (b) MIN_MLU
57
&
g 41
=
= 37
S
El
s 1+ e el el ;
Z
/ ‘) 5Q ‘) Q / 5Q
RSO & \\~\ SO W x»\/
\3 O 0T8T (R ? Q" (Q
YV Voy APy
VY W Y g g g

w*”w/ &

Fig. 4: Normalized latency distribution in solutions obtained
on instances with service requirement 7, = 500 Mbps

constant across all services in an instance. The evaluation con-
siders several instances with different network loads obtained
by varying either the number of services or the throughput
requirements of services sharing the same (S, T})) pairs.

B. Results

First, it is essential to point out that, due to its computational
complexity, the BoLL(@Q model could not produce results
within a reasonable time frame for the most challenging
instances, particularly those with high service requirements 7.
For these cases, a time limit was imposed in the solver, result-
ing in suboptimal solutions. Nevertheless, these solutions still

provide valuable insights into the model’s efficiency, aligning
with the paper’s contribution which focuses on proposing
innovative models rather than optimizing solving methods.

The evaluation analyzes load and latency metrics with a
primary focus on the MLU, illustrated in Fig. 2 considering
all instances and models. First, Fig. 2a and 2b reveal that
ALL_SP exhibits higher MLUs (i.e., higher congestion)
compared to MIN_MLU. Indeed, ALL_SP tends to route
multiple paths with close (S, T}) pairs over the same links,
whereas M IN_M LU distributes traffic to minimize link load,
resulting in congestion only in high-traffic instances. In con-
trast, both BoLLP and BoLL() (Fig. 2c, 2d) achieve optimal
MLUSs, demonstrating their effectiveness in load optimization.

The distribution of link utilization is further analyzed in
Fig. 3, categorizing arcs into unused, not congested, and
congested for the selected instances. ALL_S P uses fewer arcs
than M IN_M LU, but with higher link utilization potentially
leading to increased queuing delays. Conversely, BoL LP and
BoLL(Q almost match ALL_SP in arc usage while achiev-
ing lower congestion, as highlighted by their optimal MLU
performance. Notably, BoLL(Q (Fig. 3d) exhibits the fewest
congested arcs in most cases, suggesting a better performance
than BoLLP and promising results in load distribution.

Regarding end-to-end latency, considering propagation de-
lay only, MIN_MLU produces routes significantly longer
than the other models in all tested instances. This trend
can be observed in Fig. 4, that presents normalized latency
distribution for instances with throughput requirement 7y
500 Mbps. In all instances, 25% of the routes generated by



MIN_MLU exceed twice the SP length, reaching routes 5
to 24 times longer than SP which results in delays that are
impractical for operational use. In comparison, BoLLP and
BoLL(Q achieve competitive performance with normalized
latencies close to 1 and below 2, indicating routes near-optimal
to SPs. The BoL L@ model exhibits slightly higher latency
values due to its greater sensitivity to load. By prioritizing the
impact of load on latency over absolute latency minimization,
it tends to produce routes with reduced queuing delays,
improving the end-to-end performance though.

VI. CONCLUSION

In this work, bi-objective optimization models for routing in
LEO satellite constellations have been developed, with a focus
on integrating queuing delay as a piecewise linear function
of link load. Our analysis reveals a fundamental trade-off
between latency and link utilization, highlighting the inherent
conflict between minimizing end-to-end latencies and ensuring
balanced network load.

The results demonstrate that bi-objective models are highly
effective in reconciling these competing objectives. The re-
sulting routes achieve latency close to those of shortest-path
solutions while significantly reducing congestion compared to
other methods. By explicitly accounting for queuing delays,
our approach provides a more realistic representation of net-
work behavior and enables routing decisions that better adapt
to traffic conditions in LEO constellations. This work advances
the theoretical understanding of routing in satellite networks
and offers an insight into the integration of traffic optimization
techniques within space-based communications systems.

VII. LIMITS AND FUTURE WORKS

The current problem formulation considers centralized rout-
ing under a known service scenario. As such, it does not
account for several factors inherent to real-world LEO satellite
networks, including potential disruptions in satellite constella-
tions, traffic fluctuations and variations in link capacity.

Furthermore, while the bi-objective models tackle static
routing, the operational problem is dynamic. A step-by-step
optimization approach is adapted, but viable only if efficient
solving methods are employed, as the heuristic proposed in
[12].

Finally, exploring effective optimization methods, such as
decompositions or heuristics, is also essential to evaluate the
model on realistic instances and meet requirements of op-
erational scenarios. Indeed, representative models necessitate
large-scale networks and communication scenarios, introduc-
ing additional variables and constraints that may result in
computationally intractable optimization models.
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