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Abstract—Non-geostationary (NGSO) satellite communications
systems have attracted a lot of attention, both from industry
and academia, over the past several years. Beam placement is
among the major resource allocation problems in multi-beam
NGSO systems. In this paper, we formulate the beam placement
problem as a Euclidean disk cover optimization model. We aim at
minimizing the number of placed beams while satisfying the total
downlink traffic demand of targeted ground terminals without
exceeding the capacity of the placed beams. We present a low-
complexity deterministic annealing (DA)-based algorithm to solve
the NP-hard optimization model for near-optimal solutions. We
further propose an extended variant of the previous model to
ensure the traffic assigned to the beams is balanced. We verify
the effectiveness of our proposed methods by means of numerical
experiments and show that our scheme is superior to the state-
of-the-art methods in that it covers the ground users by fewer
number of beams on average.

Index Terms—Multi-beam Satellite Communications, Beam
Placement, Deterministic Annealing, Load Balancing

I. INTRODUCTION

Satellite systems are envisioned to complement and extend
the sixth generation of wireless communications, owing to their
global coverage and variety of provided services. Due to their
short round-trip delays, less stringent power consumption, and
reduced launch complexity, non-geostationary (NGSO) satellite
constellations have lately received much interest to be deployed
on large scales. OneWeb and SpaceX are among the low earth
orbit (LEO) [1], and O3b is among the medium earth orbit
(MEO) [2] satellite communications projects launched in the
past several years.

As opposed to the conventional uniform radio resource
distribution across the coverage area in traditional satellite
systems [3], in the evolved satellite communications systems,
smart and adaptive resource allocation mechanisms employing
effective beamforming techniques [4] are required to increase
the transmission data rates. The demand for increased trans-
mission data rates results in beamforming schemes that resort
to excessive frequency reuse, which, due to the ensuing risk
of inter-beam interference, complicate the design of multi-
beam satellite communication architectures, that follow the
cellular network architecture paradigm. At the same time,
energy efficiency is depleted by the growing network traffic
enabled by the efficient frequency reuse schemes, an issue
that becomes even more challenging in the case of NGSO
satellites where mobility hinders energy efficiency as well. In

order for the next-generation mobile networks to address the
issue of global coverage in a sustainable way, the factors of
energy and spectral efficiency need to be taken into account and
beamforming schemes jointly optimizing both of them, such as
[4], are becoming relevant.

The resource allocation problem in multi-beam NGSO satel-
lite systems is composed of multiple phases, namely, beam
layout design [5]–[7], beam placement and beam-user mapping
[8]–[12], frequency assignment [10] [13], and power alloca-
tion [14] [15]. In this paper, we study the beam placement
problem in multi-beam NSGO satellite communication systems.
Recently, the beam placement problem has attracted significant
attention in different contexts.

The main focus of [8] is to optimize the placement of a fixed
number of beam spots given the derived relationships between
the placement of multi-spot beams and the overall system
throughput. However, the proposed beam spot management
method assumes a one-dimensional distribution for the demand
points. Thus, the resulting spot beam centers lie in a straight line
which is not practical. Moreover, in contrast to [8] we consider
the minimization of the number of beams needed to meet the
demand of ground terminals under capacity and load balancing
constraints that are ignored in [8]. Authors in [9] address the
beam placement and frequency assignment problems. They
transform the beam placement problem to an edge clique cover
problem by constructing a graph of ground users where a pair
of users are connected if they can be covered by a single beam
for every possible location of the satellite. Consequently, the
solution to the beam placement problem becomes equivalent
to finding the smallest set of maximal cliques, each assigned
to a beam, that covers all users. Since the edge clique prob-
lem is known to be NP-hard, they propose an incremental
heuristic algorithm based on selecting maximal cliques with
larger sizes and minimum collision (defined as the number of
common nodes) until all users are covered. Our proposed beam
placement scheme outperforms the heuristic algorithm of [9].
A multi-objective optimization formulation using a graph-based
representation is presented in [10] and a genetic algorithm is
used to solve it. In [11], a Quadratic Unconstrained Binary
Optimization (QUBO) formulation is proposed to solve the
beam placement problem by using quantum computing.

In contrast to the proposed methodologies of [9], [10], and
[11], we take into account the terminals’ traffic demands, satel-
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lites beam capacity constraint and load balancing constraint. In
[13], the beam resource allocation and scheduling problems are
addressed. In order to improve the overall quality of service and
due to the gain attenuation at the edge of the beams compared
to the center, an incremental beam placement procedure is
proposed where the satellite beams are placed such that their
centers are aligned with the location of the users with high
demands and the remaining users are covered by adding new
beams until all users are covered.

In this paper, we propose a capacity-aware beam placement
algorithm to serve the downlink traffic of a group of target
mobile users, while at the same time, ensuring that the traf-
fic load allocated to the employed beams is balanced. We
note that given the high overhead of adaptive beamforming
schemes, custom beam footprint design techniques cannot be
practically adopted in fast-paced NGSO multi-beam satellite
systems. Hence, similar to [10], [12], we opt for placing conical
beams with circular footprints on the earth’s surface. The main
contributions of this paper are as follows.

• We formulate beam placement as an instance of the
Euclidean disk cover problem with the goal of minimizing
the number of placed beams, while ensuring the traffic
assigned to each beam does not exceed the beam capacity.

• Given the disk cover problem is NP-hard, we propose an
approximation model for the beam placement problem. In-
spired by [16], we propose a low-complexity deterministic
annealing (DA)-based algorithm to solve the approximate
model for near-optimal solutions.

• We refine our solution from the last step by proposing a
variant of our method that ensures the traffic load assigned
to the placed beams is balanced.

• Finally, we validate the effectiveness of our algorithm
by means of numerical experiments and benchmarking
against conventional methods.

The remainder of the paper is organized as follows. Section II
describes the network model and the problem description. In
Section III we formulate the beam placement problem and
obtain the approximate model. We propose our DA-based
algorithm for beam placement and its refinement for load
balancing in section IV, while section V presents our evaluation
results. Finally, we highlight our conclusions in Section VI.

II. PROBLEM DEFINITION

A. System Model

We consider the downlink of an NGSO multi-beam inte-
grated satellite-terrestrial network as depicted in Fig. 1. The
NGSO satellite employs a multi-antenna array and is therefore
enabled to generate a set of space-ground beams. The satellite
gateway is connected to the space segment by means of the
feeder link. Any ground terminal that can communicate with
the satellite segment is considered a ground user. The downlink
happens via the user links that are realized through the space-
ground beams. Let the ground segment consist of U ground
users denoted by the set U , where each user u ∈ U is located
on the earth’s surface at the coordinates xu = (x

(1)
u , x

(2)
u ).

Fig. 1: NGSO Multi-beam Satellite-aided System model

The ground segment is to be served through beams of an
NGSO multi-beam satellite that is capable of generating the
transmission beam set B consisting of B beams. Similar to [9],
we consider conical beams with a circular cross-section on the
earth’s surface. Let xb = (x

(1)
b , x

(2)
b ) denote the center of the

beam b ∈ B. Further, let rmax and cmax denote the radius of
the beam footprint and the capacity of the associated links.

B. Problem Description

The beam placement problem in the simplest form entails
finding the minimum number of beams B, and the optimal
locations of their centers xb, b ∈ [B], that can collectively cover
a target group of ground users U while satisfying the traffic
demand of all such users. The user set U is covered by the
beam set B if every node u ∈ U is covered by exactly one
beam from the set B. In other words, the solution to the beam
placement problem will also reveal an assignment policy matrix
P ∈ ZB×U where pb|u = 1 if the ground node u ∈ U is served
by beam b ∈ B and pb|u = 0 otherwise.

A couple of notes are in order; First, for energy efficiency
concerns constrained by the active placed beams, fractional
assignment of the traffic of ground terminals to the placed
beams is not allowed in the beam placement solution, i.e.
each user must be served by only one beam. Second, various
objectives may be pursued by solving the beam placement
problem. For instance, the above problem definition ensures
that all the ground users are connected to the space segment
through the placed beams and therefore is denoted as the
coverage problem. This problem is already formulated in [9].
However, in a realistic scenario, it is of paramount importance
to guarantee that the assigned traffic to each beam does not
exceed the throughput that the beam can support. This requires
defining a new variant of the beam placement problem which
we denote by the capacity problem. Finally, we note that
the non-constrained assignment of the ground users to the
placed beams may result in situations where a heavy burden
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is enforced on some beams, while the other beams are rarely
used. Therefore, it is important to emphasize load balancing as
an important objective in the satellite beam placement problem.
Such an objective is sought by the research in [12]. In the
next section, we present a realistic formulation for the beam
placement problem that takes into account the constraints and
objectives mentioned above.

III. PROBLEM FORMULATION

In this section, we formulate the beam placement problem.
We note that each ground user can be covered by a beam b ∈ B
only if it is within the radius rmax of the beam center xb. Also,
the total user traffic demand supported by each beam b ∈ B
must not exceed the capacity of that beam cmax. Therefore, the
coverage beam placement problem is formulated as follows.

Minimize B; subject to
∃ P,x1 . . .xB ; max

u∈U
||xu − xb(u)|| ≤ rmax

(1)∑
b∈B

pb|u = 1, ∀u ∈ U (2)

xb ∈ R2, ∀b ∈ B (3)
pb|u ∈ {0, 1}, ∀b ∈ B, ∀u ∈ U (4)

where b(u) is the beam to which the user u ∈ U is assigned,
fu is the traffic of the user u ∈ U , and ||.|| is the ℓ2-norm
operator. Constraint (1) enforces the placement policy to be
valid. Constraint (2) ensures that each user is assigned to only
one beam (although this is implicitly assumed in the definition
of the b(u) notation). Constraints (3) and (4) are the domain
constraints. To formulate the capacity problem we need to add
the following capacity constraint∑

u∈U
fupb|u ≤ cmax, ∀b ∈ B (5)

which ensures that the total traffic assigned to each beam does
not exceed the capacity of that beam. The above problem is an
instance of the Euclidean disk cover problem that is known to
be NP-hard [17]. Hence, we propose an approximation method
to generate near-optimal solutions with low time complexity.

A. Approximate Model
For any positive values sm,m = 1 . . .M , and for large

enough α, it holds that

max (s1, . . . , sM ) ∼= (sα1 + . . .+ sαM )
1
α (6)

Therefore, we can approximate constraint (1) by a summation
according to equation (6), to get

∃ x1, . . . ,xB ;
∑
u∈U

||xu − xb(u)||α ≤ rαmax (7)

and get the approximate optimization model as follows,

Minimize B

subject to (7), (5), (2), (3), (4)

that is a non-convex constrained clustering problem. We use
DA [18] to solve the last model for near-optimal solutions.

IV. PROPOSED SOLUTION

A. Deterministic Annealing

DA is a clustering approach for assigning a large set of
data points X to a small set of centers Y through minimizing
an average distortion function D =

∑
x∈X p(x)d(x, y(x))

where p(x) is the probability of data point x. The DA scheme
avoids local minima by converting the hard clustering problem
into soft clustering where every data point x ∈ X may
be assigned to multiple centers y ∈ Y through association
fractions p(y|x). The distortion function can be restated as
D =

∑
x∈X p(x)

∑
y∈Y p(y|x)d(x, y). The DA scheme aims to

minimize the distortion function at different randomness levels
controlled by the entropy function H(X,Y ). More precisely,
DA minimizes the objective function F = D − TH(Y |X) at
different temperature levels T starting from high temperature
and gradually decreasing the value of T .

B. DA-based Beam Placement Approach

We denote by dα(u, b) = ||xu − xb||α the distortion as
a result of assigning the user u ∈ U to the beam b ∈ B.
We propose an iterative approach for solving the approximate
optimization model. Our approach entails gradually adding and
placing the space-ground beams, one at a time. At the m-th
step, we aim at optimizing the locations of the m added beams
such that the left-hand side (LHS) of (7) is minimized until
constraint (7) is satisfied. We stop adding the beams when the
capacity constraint (5) is satisfied. We can express the overall
distortion function as follows,

D =
∑
u∈U

p (u)
∑
b∈B

p (b|u) [dα (u, b)] (8)

The DA algorithm aims at minimizing the objective function
F = D − TH(B|U), where

H(B|U) = −
∑
u∈U

p (u)
∑
b∈B

p (b|u) log p (b|u) (9)

and the minimization is done with respect to association
fractions p (b|u) where it must hold as well for all b ∈ B
that p (b) =

∑
u∈U p (u) p (b|u) and for all u ∈ U that∑

b∈B p (b|u) = 1 to ensure valid probability distributions are
used in (9). The solution to this optimization problem is given
by the Gibbs distribution as follows,

p (b|u) =
exp

(
−dα(u,b)

T

)
Zu

, b ∈ B, u ∈ U . (10)

where Zu =
∑

u∈U exp
(
−dα(u,b)

T

)
. The optimal value for F

can be easily found as

F ∗ = −T
∑
u∈U

p (u) logZu (11)

that is a function of the locations of the centers of the beams. To
find the optimal locations of the beam centers for minimizing
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F ∗, we take the derivative of the objective function F ∗ with
respect to xb = (x

(1)
b , x

(2)
b ), b ∈ B and set to zero to obtain

x
(i)
b =

∑
u∈U x

(i)
u p (u) p (b|u) dα (u, b)

1−2/α∑
u∈U p (u) p (b|u) dα (u, b)

1−2/α
, i ∈ {1, 2} (12)

Our approximation algorithm starts by setting M = 1 at an
initial temperature Thigh. At that temperature, the unconstrained
clustering problem is solved, i.e. the capacity constraint is not
considered. The temperature is then reduced slowly until every
ground node is covered by at least one space-ground beam
and the capacity constraint is satisfied. At each step (i.e., fixed
temperature) the association fractions, i.e. p(b|u) are computed
which allow for stating the DA objective as an explicit function
of xb, b ∈ B. Next, the optimal locations for the centers
of the beams are computed. This process will continue until
convergence occurs. If after a fixed number of iterations, the
capacity constraints are not satisfied or there exist ground nodes
that are not covered by a single ground-space beam, a new
beam will be added. The process of adding the new beam is
as follows; The beam center with the furthest assigned ground
users or with the highest assigned traffic is chosen to spawn
a new center at the same location with a small perturbation.
Next, the assigned traffic to the old center is divided equally
between the two centers. By our optimization mechanism, if
the newest center is indeed required, it starts deviating from its
old counterpart in the subsequent iterations, otherwise, if the
two centers are within a predefined threshold after a few steps,
they will be merged again. In the next subsection, we propose
an extension of our model to address load balancing.

C. Load Balancing Extension

To account for load balancing, we add a new term to the
objective function (8) to obtain the new distortion function

DLB =
∑
u∈U

p (u)
∑
b∈B

p (b|u) [dα (u, b) + ηdβ (p(b))] (13)

where dβ(p) = 1/pβ for β > 0 and η is a parameter that adjusts
the balance between the two distortion terms. For a large value
of β and fractional values of p(b), the second term of DLB
blows up and the final solution moves toward a balanced load
for the placed beams. Under load balancing, the DA algorithm
minimizes the new objective function FLB = DLB − TH(B|U)
to obtain for b ∈ B, u ∈ U that,

p (b|u) =
exp

(
−

dα(u,b)+ηdβ(p(b))+ηp(b)
∂dβ(p(b))

∂p(b)

T

)
ZLB
u

(14)

where ZLB
u =

∑
u∈U exp

(
−

dα(u,b)+ηdβ(p(b))+ηp(b)
∂dβ(p(b))

∂p(b)

T

)
.

We would then have for the optimal value of FLB that,

F ∗
LB = −T

∑
u∈U

p (u) logZu − η
∑
b∈B

p2 (b)
∂dβ (p (b))

∂p (b)
(15)

Fig. 2: Locations of 100 U.S. vessels in the approximate Gulf
of Mexico area, at 13:04 UTC of June 30th, 2022

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our beam
placement scheme. We first describe the simulation setup and
parameters and then proceed with the numerical results.

A. Setup & Parameters

We consider a Starlink LEO satellite with an altitude of
1110 km and a latitude and longitude of 26.812309◦ and
−85.386382◦, respectively. We assume the satellite has access
to 8 downlink channels and there is frequency reuse factor of 4.
Therefore, a maximum of 32 space-ground beams can be placed
to serve the group of ground terminals. Further, we assume
each satellite can deliver a throughput of 23 Gbps [19] leading
to a maximum capacity of 700 Mbps per beam. Each beam
has a full-cone aperture of 4.6◦ leading to at most a 45 km
beam radius. To model the ground terminals, we extract random
locations from the actual vessel locations dataset provided by
the US Coast Guard [20]. Depending on the target size we
sample unique data points in proximity to the Gulf of Mexico,
on June 30th, 2022. An example of our test set is provided
in Fig. 2. We set the downlink traffic rate at each location
uniformly distributed in the range of [5, 10] Mbps. Throughout
the experiments, we set α = β = 10, and η = 0.5. Our tests run
on an Intel i9 CPU at 2.3 GHz and 16 GBs of main memory.

B. Numerical Results

We present numerical results to validate the effectiveness
of our beam placement approach for the coverage, load bal-
ancing, and capacity problems discussed in Section III. For
the coverage problem, we benchmark our DA-based method
against the method proposed in [9] that models beam placement
for coverage as a clique cover problem. In [9], an undirected
graph is constructed by drawing edges between any two nodes
that can be covered by the same beam. Then, a randomized
method is presented to solve the edge clique cover problem.
For the accurate implementation of [9], we connect any two
nodes representing vessels within distance 2 × rmax with an
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Fig. 3: Beam Placement Solution Example for the Coverage Problem, rmax = 8km,U = 100: DA-COV vs. CC [9]

edge to form a similar graph and then apply the algorithm in
[9]. Finally, we find and plot the corresponding beams with
radius rmax that cover the obtained cliques. Throughout the
experiments, we denote the method in [9] by CC and our
proposed scheme for coverage by DA-COV. Fig. 3 depicts an
example of beam placement result for rmax = 8Km where
100 vessel locations are sampled randomly, using the CC and
DA-COV methods, respectively. It is observed that the DA-COV
method results in covering the ground users with fewer beams
compared to the CC method. In the sequel, we will elaborate
on the performance of our beam placement method for the
coverage, load balancing, and capacity problems, denoted by
DA-COV, DA-LB, and DA-CAP, respectively.

1) Coverage Problem: Fig. 4, shows the average number of
placed beams in the DA-COV and CC algorithms where the
number of users, U vary from 50 to 250 with a step size of
50 and for two different rmax values of 4.5Km and 6Km.
The number of placed beams are averaged over 10 runs, each
corresponding to an experiment with a random selection of U
vessel locations. It is expected that as U increases and rmax

decreases, more beams will be required to cover the ground
network. This can be observed for both CC and DA-COV
algorithms as shown in Fig. 4. Moreover, it is observed that for
any number of users and any beam radius, our proposed DA
algorithm outperforms the CC scheme in terms of the average
number of placed beams. We note that given the randomized
nature of the CC algorithm, various solutions may appear for
different runs on the same test set. Therefore, for each instance,
we run CC for 100 times and report the best solution.

2) Load Balancing Problem: Figure 5 depicts the beam
traffic profile for U = 100 and U = 200. We observe that the
variation in the fractional traffic load for DA-LB is less than
DA-COV as expected in both cases of U = 100 and U = 200.
This is achieved by placing more beams, as the number of
placed beams for DA-COV and DA-LB are respectively 7 and 9

Fig. 4: DA-COV Performance for the Coverage Problem

for U = 100. Similarly, 10 and 12 beams are placed by DA and
DA-LB solutions for U = 200. Therefore, our proposed DA-LB
solution successfully addresses the load balancing constraint in
the satellite beam placement problem.

3) Capacity Problem: We change the value of cmax from
infinity (i.e. DA-COV problem) to 150, 120, and 100Mbps and
observe the average number of placed beams over 10 runs.
We also consider the cases of U = 50 and U = 100 with
rmax = 10Km and rmax = 15Km. Fig. 6 shows that for each
pair of values for U and rmax, as the beam capacity decreases,
the number of placed beams increases. This is expected since
the capacity degradation is compensated for by employing
more satellite beams in order to fully support the ground
traffic demand. This experiment highlights the importance of
considering the capacity constraints in beam placement.
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Fig. 5: DA-LB Performance for the Load Balancing Problem

Fig. 6: DA-CAP Performance for the Capacity Problem

VI. CONCLUSIONS

In this paper, we studied the beam placement problem
in multi-beam NGSO systems. We considered beams with
circular footprints and modeled the problem as a variant of
the disc cover problem. We considered three variants of the
beam placement problem, namely, coverage, capacity, and load
balancing. We proposed an approximation scheme based on
deterministic annealing to find near-optimal solutions to the
mentioned problems. Extensive numerical experiments verified
that our beam placement approach covers the ground users with
fewer beams in comparison to the state-of-the-art methods.
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