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Abstract—For many years, satellite footprints have been fixed
from the design phase until the last day of the satellite operational
life. Flexibility in coverage by means of reconfigurable beams is
becoming increasingly popular thanks to the recent developments
in active antenna systems. On the other hand, spatial frequency
reuse combined with precoding has been shown to boost the
spectral efficiency while lowering the cost per bit. In this context,
and motivated by the unbalanced demand requests of the satellite
users, we propose a shift from the traditional system-throughput
maximization design towards a demand-Aware design, where a
new beam shaping technique and user scheduling are combined
to satisfy the users’ demands. Supporting numerical results
are provided that validate the effectiveness of the proposed
beam planning and scheduling and quantify the benefits over
conventional rigid techniques.

Index Terms—Multibeam GEO Satellite, Beam Design, DVB-
S2X, User Scheduling, Demand Adaptability, Precoding.

I. INTRODUCTION

Motivated by its simple deployment, conventional multi-
beam GEO satellite systems operate with a static and fixed
beam footprint, typically of the form of regular circular beams
one next to each other, regardless of the actual user demands
on Earth [1]. This naive approach typically leads to unbalanced
situations, where some beams with high number of users (or
with high-demand users) easily reach congestion while other
beams have spare capacity [2]. A more optimal approach
would explicitly consider the actual user traffic demands and
design the beam footprint accordingly. Hence, beam footprint
design that considers the actual spatial demand distribution
on Earth, targets an evenly distributed demand among all
the beams of a system [3]. Such approach has only recently
become possible thanks to the advances in active antenna
systems for satellite communications [4], [5].

On the other hand, the spectrum scarcity combined with
the ever-growing demand for high-throughput satellite services
has motivated many research works on full frequency reuse
and the application of precoding to mitigate the resulting co-
channel interference [6]. However, the potential benefits of
precoding are limited by the user scheduling. This is because
typical precoding methods rely on the channel matrix inversion
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Fig. 1. GEO multibeam system architecture including beam design, user
scheduling and precoding.

[7], which is not straightforwards in case of rank-deficient
matrices. Hence, while many research works focus on optimal
user scheduling that selects users with orthogonal channel
vectors to be served simultaneously [8], [9], others focus
on jointly addressing user scheduling and precoding [10].
However, considering demand satisfaction as an objective is
a better approach to perform user scheduling which can be
achieved by considering both user traffic demands and channel
orthogonality of the scheduled users [11].

The contribution and novelty of this paper focuses on em-
ploying demand-driven system adaptability at multiple levels
of the transmission chain and to evaluate the benefits of intro-
ducing demand considerations at these levels. Unlike previous
techniques that focused on system throughput maximization
[12], herein we focus on the user demand satisfaction objec-
tive. In particular, we apply demand-driven system adaptability
and evaluate the demand satisfaction at beam design and user
scheduling individually and jointly.

II. SYSTEM MODEL

We consider a GEO multi-beam High Throughput Satellite
(HTS) system as shown in Figure 1, employing multiple spot
beams to provide the required coverage. Non-uniform spatially
distributed broadband users, including mobile pedestrian users,
aeronautical users and maritime users are considered. We



assume that the optimization is carried out in the ground
segment. While Channel State Information (CSI) is fed back
for the precoding and scheduling design, the user demand
information is considered for beam and scheduling design.
The space-segment consist of a programmable payload GEO
satellite with Array-Fed Reflector (AFR) antennas with beam-
forming capabilities.

We consider N broadband users served by K-beam Satellite
system. While CSI vector is expressed as hn ∈ CK×1, x ∈
CK×1 represents the precoded signal and Nn represent zero-
mean Additive White Gaussian Noise (AWGN). Consequently,
yn is the received signal and is expressed as,

yn = hTnx + Nn, (1)

The above model can also be expressed as,

y = H x + N, (2)

by considering H = ΦB, where B = [b1 . . . bN ]T is the system
channel matrix whose the (n, k)th component is given by,

[b]n,k =

√
GRnGkn

(4πDnk

λ )
, (3)

where λ is the wavelength of transmission, Gkn are the gains
defined by satellite radiation pattern, GRn is the receiver
antenna gain and Dnk is the distance between the satellite
transmit antenna and user’s receiving antenna. The phase
matrix Φ ∈ RK×K is expressed as,

[Φ]xx = eiφx ,∀x = 1...K (4)

where Φx is a uniform random variable in [2π, 0] and [φ]xy =
0,∀x 6= y. Then, the precoded signal is given by,

x = W s. (5)

where W is the precoding matrix and s is the transmit symbols
that satisfies E[ssH ] = I. The precoding matrix W is the
MMSE precoder [13] and is expressed as,

WRZF = η′HH(HHH + αI)−1, (6)

where α is a predefined regularisation factor [14] and η is the
power allocation factor defined in (7) with Ptot being the total
available power.

η =

√
Ptot

Trace(WW†)
(7)

III. PROBLEM STATEMENT AND PROPOSED SOLUTION

A. Demand-Aware Beam Design

The benchmark fixed beam footprint [1] provided by Eu-
ropean Space Agency (ESA) [6] consists of fixed number of
beams (71 beams) with predetermined beam shape for a GEO
0◦E satellite operating at the Ka exclusive band 19.7 to 20.2
GHz. As shown in Figure 2, we selected 6 adjacent beams
out of the available 71 beams for our simulation where the
blue asterisks represent the user positions. The predetermined

Fig. 2. Fixed Beam Footprint

beam shape or the beam footprint is fixed irrespective of
the dynamic user profiles. Apparently, mobile users are not
uniformly distributed and have different QoS requirements.
Also, their position is a function of time. But, in the conven-
tional beam footprint design shown in Figure 2, the offered
throughput remains relatively similar across all the beams.
Therefore, fixed beam plans will fail to distribute broadband
traffic demand across all the beams evenly and result in either
under-use the offered throughput (beam capacity is unused) or
overload the beam (beam capacity is unmet).

Hence, the beam footprint has to be designed such that
the occurrence of unbalanced aggregated-beam demand is
avoided. To do so, we use demand-Aware adaptive beam
footprint design [3]. Accordingly, we first need to find the
best partition of all the users into sets of adjacent users in
an euclidean distance sense such that total system demand is
evenly distributed among all the sets and then, plan a beam
which is suitable to serve each user set.

We define dm as the requested traffic demand of user m,
and Dk =

∑
m∈Sk dm as the demand of beam k, where Sk

represents the set of users belonging to beam k. Then, we
define the problem using clustering approach and consider
metric spaces where we endow universe N with a metric space
(X , r) such that N ⊆ X , where X is a set of all points in a
2D Euclidean space and r is a distance metric on X . Then to
obtain the cluster sets {T 1, T 2, . . . , T K} that are optimized
for even demand distribution, we can define the partitioning
problem using clustering as formulated in (8a).

The first constraint in (8b) ensures that all the users are
under the coverage region. The second constraint in (8c)
assures that any user will be served by only one beam. The
third constraint mentioned in (8d) ensures that the beams have
at least one user and to avoid planning beams with zero
demand. In the constraint (8e), cT k is two element vector
in the 2D Euclidean space representing the weighted cluster
centroid of the cluster k.



minimize
{T 1,T 2...T K}

K∑
k=1

∑
m∈T k

r(xm, cT k)


∑

m∈T k

(dm)

M∑
m=1

(dm)

 (8a)

subject to
K⋃
k=1

T k = N (8b)

T i ∩ T j = ∅,∀i 6= j (8c)

T i 6= ∅,∀i (8d)

cT k =
1∑

m∈T k

dm

∑
m∈T k

dmxm (8e)

To solve for (8a), we employ weighted k-means clustering
using iterative Lloyd’s algorithm [15] approach. Since the
beam center is likely to point in the direction of the dominant
group of users, centroid tessellation approach such as Lloyd’s
algorithm is beneficial for the beam design and the user
demands can be better satisfied. The steps of Lloyd’s Iteration
Partition Clustering is shown in Algorithm 1. Upon termi-
nation, the Algorithm 1 provides K clusters (T 1, T 2...T K)
with cluster centroids at cT 1 , cT 2 ...cT k such that Dk is more
evenly distributed among all the K beams.

Algorithm 1 Loyd’s Iteration Partition Clustering Algorithm
[Step 1] Choose cluster centres {cT 1 , cT 2 ...cT k} defined by
Cs selected as per k −means+ + Algorithm [16].
while (Cluster assignments do not change) OR (Maximum
number of iterations are not reached) do

[Step 2] Compute distance RK×N between each of
{cT 1 , cT 2 ...cT k} and all of {x1,x2...xN}. Every element of
RK×N is computed using,

R(k, n) = ((xn − cT k)(xn − cT k)′)


∑
n∈T k

(dn)

N∑
n=1

(dn)

 , (9)

[Step 3] Assign {x1,x2...xN} users to K clusters
{T 1, T 2...T K} based on the minimum distance between the
users and cluster centre using RK×N .

[Step 4] Compute new cluster centres {cT 1 , cT 2 ...cT k} by
using,

cT k =
1∑

n∈T k

dn

∑
n∈T k

dnxn. (10)

end while

To have a fair comparison between the conventional 6
beams of fixed beam design, we use Voronoi Tessellation [17]
and generate convex polygons around the previously obtained
clusters, such that, all the area covered by the benchmark
design is covered by the proposed adaptive scheme. Any
centre cT k is simply a point in the Euclidean plane, and its

corresponding Voronoi cell Vu consists of every point in the
Euclidean plane whose Euclidean distance to cT u is less than
or equal to its Euclidean distance to any other centre cT v 6=u .

The Voronoi cells are convex polygons because each cell
is obtained from the intersection of geometric half-spaces.
The collection of such convex Voronoi polygons of the 6
reference beams is shown by red convex polygons in Figure 3.
We approximate the boundary of Voronoi polygons as beam
contour and the geographic centres {c′1, c′2...c′K} of Voronoi
polygons as beam centres.

Furthermore, from the perspective of antenna pattern design,
the irregular Voronoi polygons cannot be approximated as
beam footprints. Also, considering the mathematical tractabil-
ity and topological packing, we approximate the convex
polygons into ellipses as shown in [18]. The centres of the
thus obtained ellipses (c1, c2...ck) will represent the proposed
adaptive beams centres. The semi-major and semi-minor axis
of the approximated ellipses defines the boundary of the pro-
posed adaptive beams. The angle of rotation of approximated
ellipses represents the orientation of the proposed adaptive
beams. The approximated beams are denoted using green
ellipses in Figure 3.

Finally, for comparison with the benchmark, the ellipti-
cal beam pattern is obtained by approximating the antenna
gains using two-dimensional Gaussian elliptical function. The
antenna gain at any point of the elliptical beam could be
modelled using,

f(x, y) = A exp(−(m1(x− xo)2 + 2m2(x− xo)(y − yo)
+m3(y − yo)2)), (11)

where the matrix
[
m1 m2

m2 m3

]
is positive-definite matrix [19].

The semi-major and semi-minor axis of the ellipses are fitted
with σX and σY of elliptical Gaussian function. The Gaussian
function is phase rotated with angle ϕ to fit the orientation of
the ellipse. The coefficient A is the maximum antenna gain or
the amplitude of boresight point which is chosen inline with
the boresight antenna gain of the benchmark. The centre of
the Gaussian function (intersection point of σx and σy) is the
centre (ck = x0, y0) of the ellipse. The values of m1,m2 and
m3 are defined using,

m1 =
cos2 ϕ

2σ2
X

+
sin2 ϕ

2σ2
Y

, (12a)

m2 = − sin 2ϕ

4σ2
X

+
sin 2ϕ

4σ2
Y

, (12b)

m3 =
sin2 ϕ

2σ2
X

+
cos2 ϕ

2σ2
Y

. (12c)

B. Demand-Aware User Scheduling

Conventional scheduling techniques such as [12], [20] focus
on selecting users with orthogonal channel vectors at any
time t. Even though such approach will help precoding to
successfully mitigate interference, it might fail to satisfy the



Fig. 3. Demand-Aware Adaptive Beam Footprint

individual user demand request. To overcome this, we use a
demand-Aware user scheduling, which essentially targets the
selection of a set U = {U1, U2...Uk}, containing K users from
the pool of M users at each scheduling time, t = 1, ..., T for
all the K beams such that dm, ∀m, is met at the end of T time
period. Furthermore, to make sure that precoding still provide
meaningful gains, the proposed demand-Aware scheduling also
considers the channel orthogonality.

However, obtaining the optimal scheduling solution is a
combinational problem and requires an exhaustive search-
based user grouping and scheduling, which quickly become
impractical due to exponential complexity. Hence, we use
weighted semi-orthogonal scheduling [11] which is a sub-
optimal heuristic method that uses both user demand and
channel orthogonality. The Demand-Aware User Scheduling
as shown in Algorithm 2, produces a schedule user set
(U = {U1, U2...Uk}) such that the channel vectors of the users
in U are as orthogonal as possible using cosine similarity as,

| hH1 h2 |
‖h1‖‖h2‖

=

{
1 Similar channel vectors
0 Orthogonal channel vectors

(13)

and also ensures that the demand dm of every user m is
lesser or equal to the offered throughput using demand priority
coefficient αm. Furthermore, we consider unicast scheduling
and hence one user per beam is selected.

IV. NUMERICAL EVALUATION

In this section, we evaluate the proposed demand-Aware
approaches with respect to conventional fixed approaches. Ac-
cordingly, the results are evaluated using four cases mentioned
in Table I.

In the first case, we consider 6 beams of conventional
fixed beam design provided by European Space Agency (ESA)
[13], [21] and a well known semi-orthogonal scheduling as
a benchmark [12]. In case 2, we introduce demand driven

Algorithm 2 Demand-Aware User Scheduling
[Step 1] Compute the initial demand priority coefficient at
t = 1 for every user m using,
αm(t = 1) = dm(t=1)

maxm(dm(t=1)) ← ∀m where αm ∈ [0, 1]
[Step 2] Initialize the set of indexes of the previously
scheduled users using, Λ = ∅
[Step 3] Perform user scheduling. For every value of t,
select K users.
for t = 1 to T do

[Step 3.A] Select first user using,
for m = 1 to M do
U1 = max(αm(t).‖hm‖)

end for
Update Λ to avoid reselection of already scheduled user
using, Λ = Λ ∈U1

[Step 3.B] Select the remaining (K − 1) users using,
for k = 2 to K do

for m = 1 to M do
wm = max(αm(t).(1−

∑
j∈Λ

|hjhH
m|

‖hj‖‖hm‖ ))
end for
Uk is the user m of wm.
Update set: Λ = Λ ∈Uk

end for
[Step 4] Update demand priority coefficient based on the
average offered rate using αm such that αm(t) = dm(t)

Em[Rm(t)]
end for=0

TABLE I
CASES EVALUATED

Case 1 Case 2 Case 3 Case 4

Conventional Fixed
Beam Design X X

Demand-Aware Beam
Design X X

conventional Fixed
Scheduling X X

Demand-Aware
Scheduling X X

adaptability at only user scheduling level. In case 3, we use
demand driven adaptability only for beam designing. In case
4, we use demand-Aware adaptability at both beam design and
user scheduling.

A. Simulation Parameters

The simulation parameters and the link budget are as shown
in Table II we consider a total number of M = 60 users
distributed across K = 6 beams. Users locations and demands
have been extracted from the SnT traffic simulator [22].
Furthermore, we consider a sum power-constrained system
with a per-beam power of 20 dBW and a bandwidth of 500
MHz.

B. Beam level Demand Satisfaction

Demand satisfaction at beam level can be defined as the dif-
ference between the average beam demand and average beam



TABLE II
SIMULATION PARAMETERS

Satellite longitude 13 degree East (GEO)
Satellite total radiated power, PT 6000 W

Total Number of Beams, NB 71 (Only 6 beams are considered)
Number of HPA, NHPA 36 (2 beams per HPA)
Beam Radiation Pattern Provided by ESA

Downlink carrier Frequency 19.5 GHz
User link bandwidth, BW 500 MHz

Roll-off Factor 20%
Duration of time slot. Tslot 1.3 ms

Number of time slots 100
Antenna Diameter 0.6

Terminal antenna efficiency 60%
DL wavelength 0.01538 m

Fig. 4. Beam-level Demand Satisfaction

offered throughput. Accordingly, Figure 4 provides demand
satisfaction of 6 beams for the previously defined four cases.
In case 1, where demand is not considered during beam design
and user scheduling, demand satisfaction is not achieved for
beam 4 and beam 5. In case 2, when demand awareness is
considered for only user scheduling, beam demand is again not
met for beams 4 and 5. This is because, due to uneven demand
distribution among the 6 beams, the beam 4 and 5 have high
demand to be met and demand-Aware user scheduling fails to
meet demand of such beams. This can be verified in Figure
5 which shows the distribution of total system demand across
the 6 beams. The conventional fixed beam design will result
in some beams overload with high demand to meet and leave
some beams underused. Also, the demand-Aware beam design
will distribute the beam demand more equally among all the
beams. Hence all the beams will have similar demand to be
met. This can be verified by the Case 3 plots in Figure 4. The
demand satisfaction is considerably improved as only beam 5
not been satisfied with a very small margin. However, in case
4, when we use demand awareness in both beam design and
user scheduling, the demand of all the beams are satisfied.

Fig. 5. Demand Distribution across all 6 beams

Fig. 6. User-level Demand Satisfaction

C. User level Demand Satisfaction

Demand satisfaction at user level can be defined as the
difference between the average user demand and average user
offered throughput. Accordingly, Figure 6 provides demand
satisfaction of 60 users. Clearly, the conventional Case 1
that does not consider demand for either beam design and
user scheduling performs worst. In Case 2, when demand
is considered only at user scheduling, the average offered
throughput follows the demand curve. However, Many users
with high demand are not satisfied. In Case 3, where demand
is considered only for beam footprint planning, the user level
demand satisfaction is poor but better than the Case 1. Finally,
the Case 4 which uses demand at both beam design and
scheduling performs best by both following the demand curve
and satisfying the user demand at all cases.



V. CONCLUSION

Contrary to the current state-of-the-art solutions, we con-
sider the actual user demand requirements in both beam
planning and user scheduling. In this work, we show the
benefits in terms of user demand satisfaction and beam demand
satisfaction of the proposed beam design and user scheduling.
In particular, the conventional systems face unbalanced situa-
tions with significant amounts of unmet capacity, while in our
case, the users’ demand requests and beams’ demand requests
have been met.
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