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ABSTRACT The current broadband coverage area requisites and the expected user demand is satisfied
by the state of the art satellite industry by using multiple spot beams of high throughput satellites with
fixed multi-beam pattern and footprint planning. However, in recent years, new mobile broadband users
with dynamic traffic demand are requesting for services in remote geographical locations such as air
(aeroplanes) and water (ships). Furthermore, the expected demand varies with time and geographical
location of the users. Hence, a practical approach to meet such heterogeneous demand is to plan adaptive
beams to the satellites equipped with beamforming capabilities. In this paper, we study the state of the
art fixed multi-beam pattern and footprint plan and show its drawbacks to support the non-uniformly
distributed user terminals and varying traffic demands. To end this, we propose an adaptive multi-beam
pattern and footprint plan where we design spot beams with flexible size and position based on the
spatial clustering of the users in order to increase the flexibility of the high throughput satellite system.
Numerical simulations demonstrate the high system performance of the proposed methodology.

INDEX TERMS Multi-beam high throughput satellite systems, beam pattern, beam footprint, DVB-S2X,

precoding.

I. INTRODUCTION

NTERNET broadband services have gained immense

attention not only for business competitiveness but also
for helping social inclusion. While most of the broadband
demand in the urban regions are satisfied using terrestrial
technologies, the broadband demand in the remote loca-
tions strongly relies on satellite broadband services [1].
Lately, the increase in the demand has made satellite
providers switch from legacy single beam architecture to
High Throughput Satellite (HTS) systems with multiple
spot beams which reuse carrier bandwidth across several
beams to satisfy the rising demand [2]. Since the launch

of the first high-speed, all-digital communications satel-
lite named Advanced Communications Technology Satellite
(ACTS) by NASA, technologies such as Onboard Digital
Processing (ODP) and Switching has been widely popular.
More recently, the shape and position of satellite beams can
be adjusted using Dynamic Beamforming Networks (DBN)
to enhance frequency utilization efficiency through space-
division multiplexing [3]. The radiation pattern of antenna
arrays can be controlled using the beamforming technique,
without physical movement of the antennas [4] and hence
is key enabler for the adaptive beam pattern and footprint
plan.
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TABLE 1. Table of acronyms.

HTS High Throughput Satellites
FMPF Fixed Multi-beam Pattern and Footprint
AMPF Adaptive Multi-beam Pattern and Footprint
DBN Dynamic Beamforming Networks
ACTS Advanced Communications Technology Satellite
ODP Onboard Digital Processing
FSS Fixed Satellite Sevices
QoS Quality of service
AFR Array-Fed Reflector
PFD Flux Density
ESA European Space Agency
WED Weighted Euclidean Distance
DM Distance Metric
PAM Partitioning Around Medoids
CLARA ClusteringLARge Applications
SEDAC SocioEconomic Data and Applications Center
CDF Cumulative Distribution Function
NCD Normalized Capacity Deviation

A. LITERATURE REVIEW

There exist a dearth of efficient beam footprint plans in
literature. The authors of [5] have made an early contribu-
tion in planing the beam layout of a reflector multi-beam
antenna with overlapping beams. The authors of [6] compare
the conventional contoured beam antennas with multi-beam
antenna and propose fixed beam diameters for a specified
number of beams to ensure global coverage using overlap-
ping spot beams with a hexagonal grid layout. Furthermore,
the authors of [7]-[9] discuss the antenna requirements to
plan a good beam pattern for fixed beam footprint plans.
Hence, all the early works consider only the geometric fea-
sibility of the spot beams in the beam pattern and footprint
plan, and focus on having hexagonal beams of equal size and
ensure global coverage. Therefore, the coverage region and
the offered throughput remains same for all of the multiple
spot beams irrespective of the traffic demand.

However, much recent works have focused on adaptive
plans to accommodate fluctuations in traffic demand. The
authors of [10] discuss the global resource management
for dynamic beam steering due to changes in QoS require-
ments and channel conditions of users. The authors of [11]
optimize beam-directivity and transmit-power according to
traffic demand to improve the overall system throughput.
The authors of [12] adapt satellite’s transmitting antenna
boresight to maximize signal to noise power ratio (SNR) of
satellite ground station and minimize interference to terres-
trial networks. The authors of [13] propose an optimization
tool to jointly optimize the number of beams, beam width,
power and bandwidth allocation in order to match the pro-
vided data rate to the predicted traffic demand but do not
optimize the beam positions and beam shape. The authors
of [14] propose a mathematical model to derive multi-spot
beam arrangements and discuss the relationship between the
placement of a multi-spot beam and user throughput. They
study only the effect of geographic distances between spot
beams in the same frequency band and the geographic dis-
tances between adjacent spot beams in different frequency
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bands on the overall system throughput but do not imple-
ment adaptability in terms of flexible beam size and beam
position in beam plan. To the best of our knowledge, none
of the authors have considered the mobility aspects of the
non-uniformly distributed users and dynamically changing
beam demand during the beam pattern and footprint plan-
ning. Also, unlike the recent works, the proposed network
planning is not a static process but a dynamic one that has to
be repeated multiple times during a day. Furthermore, in all
the previous works some beams are under-used while others
are too crowded and hence is only a sub optimal solution.

B. CONTRIBUTION
The contribution of the paper is as follows.

1) We propose a novel Adaptive Multi-beam Pattern and
Footprint (AMPF) plan that achieve even traffic load
distribution across all the beams in the HTS system
that simplifies the radio resource management, payload
allocation and frequency allocation. To achieve such
plan, in this work, we not only consider spatiotem-
porally varying traffic demand but also the distributed
and non-uniform mobile geographic locations of the
users.

2) We propose a novel method for the planning of the
multi-beam pattern based on geographical clustering
(weighted K-means clustering) of the users, which is
optimally matched to the heterogeneous demand dis-
tribution within the field of view of the satellite. Using
the proposed method it is possible to reduce the varia-
tions of the traffic load among the beams, which leads
to better traffic matching.

3) To ensure a required coverage region, we use Voronoi
Tessellation to plan irregular non-hexagonal convex
Voronoi polygons as beam regions. Such an approach
is relatively new in beam pattern and footprint plan.

4) Contrary to the related works, in AMPF plan, we pro-
pose elliptical beams which add in one more degree
of freedom for beam footprint plan.

5) Lastly, unlike the previous works, to plan practical and
meaningful antenna patterns, we consider the design
parameters of the beam pattern and footprint parame-
ters in the angular domain as seen from the satellite.
This is because the satellite beam is defined with
parameters that are in fact angles centred at the satel-
lite. Hence, the gain pattern of the antenna which is
on-board the satellite is naturally described in the satel-
lite angular domain as ellipses. However, when these
elliptical gain patterns are projected on the surface of
the Earth, they undergo distortion in both beam shape
(ellipses taking the shape of convex polygons) and
power flux density. Hence, performing user cluster-
ing and beam planning on the satellite angular domain
prevents the errors introduced by such distortions.

The rest of the paper is organised as follows. In Section II,
the system model employing Multi-beam High Throughput
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FIGURE 1. High throughput Multi-beam Satellite System architecture using four
colour scheme.

Satellite channel, beam footprint and pattern is described.
In Section III, the problem statement is defined. A novel
method for the beam pattern footprint plan is explained in
Section IV. Section V provides the simulation results, and
Section VI concludes the paper.

Notation: We use upper-case and lower-case bold-faced
letters to denote matrices and vectors, respectively. o denotes
the element-wise Hadamard operations, ()T denotes the
transpose of (-). ||.|| depicts the Euclidean norm, C denotes
subset and P(.) denotes power set. If G is a set, then | G |
denotes cardinality of set G and if 91 is a matrix, then | 901 |
denotes determinant of matrix 1.

Il. SYSTEM MODEL

A. MULTI-BEAM SATELLITE SYSTEM

We consider a Multi-beam Satellite system as shown in
Figure 1 that employs multiple spot beams to provide the
required coverage. Non-uniform and distributed broadband
users including Fixed Satellite Services (FSS) users, aeronau-
tical users and maritime users are considered. Furthermore, to
reduce the interference at the beam edges, the four colours
frequency reuse scheme [16] is employed such that every
beam is allocated a different carrier frequency or a different
polarization to that of its neighbor.

The space-segment consist of a programmable payload
GEO satellite with Array-Fed Reflector (AFR) antennas with
beamforming capabilities that can alter the beam size and
beam positions by digital signal processing.

The Gateway is a ground station and is connected to the
Internet backbone network. We assume that the optimization
is done in the ground station. Also, we assume that the traffic
demand does not change very aggressively over time due to
the user multiplexing effect.

B. BEAM FOOTPRINT AND BEAM PATTERN

The beam footprint of a Multi-beam satellite system shows
the dispersion of multiple beams with defined beam widths
across the ground area of its coverage. In this work, we
consider elliptical beams generated in the satellite angular
domain. This adds in one more degree of freedom to optimize
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the beam footprints. Nevertheless, the projection of these
ellipses on the surface of the Earth will result in non-elliptical
polygonal beams whose geodetic shape on the surface of the
Earth expressed using Earth’s latitude and Earth’s longitude
is dependent on the curvature of the Earth [15].

A beam pattern represents the magnitude of the electric or
magnetic field, as a function of the angular space. The beam
centre which defines the beam position is where the antenna
gain of the beam is maximum. The beam widths that define
the beam shape are the locations corresponding to the 3dB
reduction of the antenna gain compared to the beam centre.
A beam pattern plan involves prudently choosing multiple
metrics such as number of beams, beam centre and beam
widths of all the beams in a Multi-beam satellite system.

The authors of [16] and [17] approximate the beam
contour using Bessel function for beam gain computation.
However, as we consider the beam shape to be elliptical in
the angular domain of the satellite, we approximate the beam
contour to be a two-dimensional Gaussian function. Figure 2
shows the heat map corresponding to the Power Flux Density
(PFD) for a single beam. Every elliptical beam corresponds
to a specific value of beam widths 66 and §¢ (defined by
semi-major axis and semi-minor axis of the elliptical beam),
beam centre, C (The point of intersection of semi-minor
and semi-major axis) and the beam orientation or the tilt
angle, ¢.

The system capacity can be increased by increasing the
number of beams in the forward link of the multi-beam
satellite system. However, increasing the number of beams
will increase the number of amplifiers in the space segment
and this will increase both the manufacturing cost and the
launch cost for the satellite operators. In our design, we con-
sider 71 transmission beams in the forward link and do not
optimize over the number of beams. The 71 beams constraint
is applied to have a fair comparison with the benchmark
FMPF reference beam pattern provided by European Space
Agency (ESA) [18], [19]. Furthermore, the number of beams
corresponds to the number of information streams that can
be processed in parallel by the satellite payload. Switching
off beams and thus info streams would require additional
configuration changes on the payload.

C. MULTI-BEAM SATELLITE CHANNEL

We consider an HTS Multi-beam Satellite system with N
broadband users and K beams. The received signal y,, at the
user u, in the k™ beam is as expressed as,

yn = hls + 0, (1)

where h, € CK*! is the CSI vector corresponding to this
particular user. s € CX*! represents the transmitted signal
vector. 91, is a random variable distributed as CN (0, o2),
modelling the zero-mean Additive White Gaussian Noise
(AWGN) measured at the u,’s receiving antenna.
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FIGURE 2. Two-dimensional Gaussian function approximation to define the beam
pattern.

By rearranging all the users’ received signals in a vector
y = D1 ...yN]T e CK*1 we can rewrite the above model
as,

y=Hs+M, )

where H = [h; ...hN]T represents the system channel
matrix, which is determined by the satellite antenna gain,
the path loss, the received antenna gain and the noise power.
More precisely, the (n, k)th component of H is given by,

A/ GRnGkn
Dk ’
(47’[ T)
where Ggj, is the receiver antenna gain (that mainly depends
on the receiving antenna aperture) and Gy, are the gains
defined by the multibeam satellite radiation pattern and user
locations. 3, is the distance between the satellite transmit
antenna k and the nth user’s receiving antenna. Usually, due

to the long propagation distance, D, ~ 9,. Finally, A is
the wavelength of transmission.

[h],x = 3)

lll. PROBLEM STATEMENT

The benchmark FMPF plan system comprises of a fixed
number of beams with predetermined beam shape obtained
by 71-beam GEO OE satellite operating at the Ka exclusive
band 19.7 to 20.2 GHz [20]-[22] is as shown in Figure 3.
The fixed plan provides coverage to the Europe region using
71 beams. However, broadband users across Europe are not
uniformly distributed and the broadband traffic demand for
an FSS user defers from a maritime user. Also, aeronautical
and maritime users are mobile users and their positions vary
with time. In benchmark FMPF plan, as the position and
size of the beams are fixed, the offered throughput remains
relatively similar across all the beams irrespective of change
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Latitude

Longitude

FIGURE 3. Benchmark FMPF plan beam footprint over Europe using 71 Fixed
Beams showing flight user locations in blue, ship user locations in red and FSS user
locations in beige.

in the number of users in the beam and beam demand.
Therefore, such rigid 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 demand is unmet).

Therefore, to plan adaptive beams for mobile users with
variable demand, we first need to find the best partition of
all the users into sets of adjacent users in an euclidean 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.

Similar set partitioning problems but for a different
application is discussed in [23] and is an optimization
form of exact cover. To solve set partitioning problems,
we find the best disjoint cover within some collection
S = {81,52~-8K} C P(N), where N is the universal
set containing all the broadband users in the system and
P(N) is the power set of N'. We define the convex hull of

any set Sk as,
Ho=> hXe : =0 Vo, > d=1 4
neSk

neSk

where x,, as the 2D coordinate vector of a broadband user 7.
We define d,, as the traffic demand and Dy = Zne sk dp as
the beam demand that corresponds to the sum of the demand
of all the users belonging to the beam k.
The objective function is fair distribution of the system
demand across all the beams and is defined as,

(Zszl Dk)2

max ———————; (5a)
S KY i D}
K
Subject to U Sk=N, (5b)
k=1
SNS =0, Vi#j (5¢)
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S’ £ 0,Vi,
HNH =0, #],

(5d)
(5¢)

where the first constraint in (5b) ensures that all the users
are under the coverage region. The second constraint in (5¢)
assures that any user will be served by only one beam. The
third constraint mentioned in (5d) ensures that the beams
have at least one user and to avoid planning beams with
zero demand. The last constraint in (5e) guarantees that
each partitioned set is a convex set and assures that the
convex hulls’ of partitioned sets do not overlap within the
2D Euclidean space. In this approach, the feasible solutions
cover the universal set A/ rather than any of its subsets and
hence is a restricted setting of set partitioning.

However, set partitioning problems are non-deterministic
polynomial acceptable problems that are NP-hard and are at
least as hard as the hardest problems in NP [24]. Therefore,
solving the set partition problem by optimizing for best
disjoint cover using classical optimization techniques is
either cumbersome [25] or does not guarantee a global
minimum [26].

Alternatively, partitioning problems can also be solved
using clustering methods [27]. But, the optimizing problem
in clustering methods is also NP-hard. However, clustering
methods are iterative and offer probabilistic guarantees [28].
To define the problem using clustering approach, we consider
metric spaces where we endow universe A 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 {7!, 72...TX} that
are optimized for even demand distribution, we can define
the partitioning problem using clustering by,

(ZnETk (dn)) (621)
Yoo (dn)

minimize Z Z r(Xn, ch
(TLT2TE) T et
K
Subject to | JT* =W, (6b)
k=1
TNT =0,Vi #], (6¢)
T £ 0, Vi, (6d)
1
= ——— dpXy. (6e)
ZHGTI( dn nETk "

The objective function is the weighted distance of each
cluster member from the cluster center, where r(x,, c7«) =
((%y — ¢7) (X — ¢7+%)’) is the euclidean distance between
any user n and the cluster center cy«. Weights are added
to distribute the demand evenly among all the beams and
are defined as the ratio of beam demand (ZneTk d,) to the
system demand (Zﬁz\/:1 dy)

In the constraint (6e), ¢« is two element vector in the 2D
Euclidean space representing the weighted cluster centroid
of the cluster k. The clustered sets {7, 72... 7K} are by
default convex sets and satisfies the constraint in (5e) and
hence is not included in the clustering problem. It should
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be noted that even though the two problems are not equiva-
lent, the clustering approach follows a similar rationale and
provides easier structure.

Furthermore, the convex hulls {Hl, H! ... HX} encom-
passing the clusters {7, 72...7X} are convex polygons
in the 2D Euclidean space. Therefore, we have an additional
problem on how to translate the vertex vectors of the con-
vex polygon into simple beam shape that can be used as a
template by the antenna and beamforming network design-
ers. Henceforth, we propose to approximate convex polygons
into ellipses. Early works [29], [30] in literature addresses the
mathematical problem of approximating a convex polygon
into an ellipse. However, in this work, we use an approach
similar to [31] for its simplicity. Accordingly, if (x, y) repre-
sents vertex variables of the convex hull ¥ in 2D Euclidean
space, then any general bivariate quadratic curve which can
be expressed as,

ax® + 2bxy + ¢y® + 2dx + 2fy + g = 0, (7

should satisfy the Equations,

a b d

A=b ¢ f|#0, (8a)
d f g

J=1% P50 (8b)
b ¢ ’

a+c<o, (8¢)

to be represented as an ellipse (£%) for which we need to
find the best parameters for a, b, ¢, d, f, g in the Least Square
sense [31].

The ellipses {E!, E' - - - EXY} represents K proposed beam
footprints. The center (cx) of the ellipse ) represents the
position of beam k in 2D Euclidean space. The semi-major
and semi-minor axis (66, ¢y) along with the rotation angle
@k of the ellipse (£X) represents the shape of the beam k.

IV. PROPOSED SOLUTION

In the proposed AMPF plan, we first obtain cluster sets
that evenly distributes the traffic throughput demand across
all the beams. Later we approximate the convex hull of the
cluster sets to ellipse by choosing beam positions (c¢i), beam
size (86, 6¢r) and beam shape (¢i) of all the K beams. In
this section, we discuss the steps involved in achieving such
a plan.

1) Firstly, to generate physically meaningful antenna pat-
terns and to avoid the distortions introduced due to the
curvature of the Earth, we transform the geographical
coordinates of the user locations to the coordinates of
the satellite angular domain.

2) Then, based on the location and broadband traffic
demand of the users in the satellite angular domain,
the broadband users are grouped into K clusters using
weighted k-means clustering. The users in the same
cluster will represent all the users under a beam.
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FIGURE 4. Sampled coverage area of the benchmark FMPF beams (shown in blue)
and the user positions (shown in red) on the surface of the Earth.

3) Later, to ensure full coverage, we use Voronoi
Tessellation and define the beam borders.

4) However, the beam shapes generated using Voronoi
Tessellation are irregular polygons. Hence, considering
the mathematical tractability and for topological pack-
ing, we approximate the Voronoi Polygons by ellipses.
Now, the centre of the ellipses (cx) will define the K
beam positions, the semi-major and semi-minor axis
of the ellipses (66, d¢r) will define the boundary of
the beams and angle of rotation of ellipses (¢i) will
define the shape of the proposed beams.

5) The proposed beams in satellite angular domain are
now projected back on the surface of the Earth for
visualization.

6) Furthermore, to measure the performance of the
proposed plan with the benchmark FMPF plan, we fit
a 2D Gaussian elliptical function on the approximated
ellipse and perform link budget calculations.

A. DOMAIN TRANSFORMATION
The sampled coverage area of the benchmark FMPF beams
and the user positions on the surface of the Earth obtained
using [32] are expressed as geodetic positions using lati-
tude and longitude, as shown in Figure 4. Figure 5 shows
the relation between the latitude/longitude on the Earth’s sur-
face and azimuth/elevation on the satellite angular domain. In
the spherical coordinate system, considering the centre of the
Earth as origin, we use a spherical-ordered-triple (R, radius-
of-the-Earth (6,871,000 meters), Latitude (angle in degrees),
Longitude (angle in degrees)) to describe the geodetic posi-
tion of any user on the surface of the Earth. In the Cartesian
coordinate system, the location of the user on the surface
of the Earth is described using a Cartesian-ordered-triple in
which each coordinate represents a distance.

We first convert the wuser position (Laty/Lony)
from the spherical coordinate system to the Cartesian
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Satellite Angular
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Longitude

Latitude

FIGURE 5. Difference between Earth’s latitude-longitude domain and satellite
angular domain. Latitude, longitude, elevation and azimuth angles are in degrees.

coordinate system expressed as Cartesian-ordered-triples
Xv.e, Yvu,E, Zy £) [33] using,

2Xy,E = R, x cos(Laty) x cos(Lony), (9a)
Yu.e = R x cos(Laty) x sin(Lony), (9b)
Zy.g = R, x sin(Laty). (9¢)

Similarly, we also convert the satellite position from the
spherical coordinate system (Lats/Long) to the Cartesian
coordinate system (Xs.g, Ys g, Zs,g). For such conversion,
we consider a geostationary satellite with no tilt that orbits
directly above the Earth’s equator at the 0-degrees latitude
and O-degree longitude at an elevation of 35,786,000 meters.
Then using user and satellite Cartesian-ordered-triples we
estimate the position of the user considering the satellite as
the origin using,

2Xys = Xv,e — XsE, (10a)
Yus=YuEe—YsE, (10b)
Zys =ZyEg — ZsE. (10c¢)

Finally, we convert the user position from the Cartesian
coordinate system to the spherical coordinate system [33] to
get the user position in satellite angular domain using,

1 Yus

U,S
1 ZU,S

Vo) + (rus?

The geodetic positions are converted into the angu-
lar domain of the satellite and expressed in azimuth and
elevation angles as shown in Figure 6.

azimuthy = tan™ (11a)

elevationy = tan™ (11b)

B. CLUSTERING OF DISTRIBUTED USERS

Distributing the total broadband traffic demand across all
the antenna beams evenly is not a straightforward solution
because of the uneven geographic distribution of the broad-
band users and the geometric shape limitations of the antenna
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FIGURE 6. Sampled coverage area of the benchmark FMPF beams (shown in blue)
and the user positions (shown in red) in satellite angular domain.

beam footprint. Hence, we use Cluster Analysis or Clustering
to group traffic users into clusters and serve them under a
beam [34]. There exist a plethora of literature [35] on cluster-
ing methods with application in computer vision and pattern
recognition. The use of such clustering methods based on
partition for beam pattern and footprint plan in Multi-beam
satellite systems, which we propose in this paper, is a novel
approach.

In Data Mining [36], Clustering is used to categorize the
sample data into groups or clusters such that the objects in
the same cluster are more related to each other than to the
objects in different clusters. Using a similar approach, we
considered the geographical locations and traffic demand of
N broadband users as the sample data and assigned them to
K clusters with each cluster to be converted to a beam in a
later stage. We use the same number K for the number of
clusters and beams, since each beam will serve one cluster.
We have analysed various clustering algorithms such as k-
means, k-medoids, Partitioning Around Medoids (PAM) and
Clustering LARge Applications (CLARA) [37].

As all the above mentioned clustering methods assign each
observation from the observation set to different cluster sets
by minimizing the squared Euclidean distance from the data
point to the mean or median location of its assigned cluster,
they could be used to partition the N broadband users into K
number of clusters {7!, 72...TX} with feri, e ek}
as cluster centres. However, among the various known clus-
tering methods, we decided to employ weighted k-means
clustering using iterative Lloyd’s algorithm [38] approach.
Lloyd’s algorithm is known as a centroid tessellation, which
is beneficial for the beam design, since the beam center
is likely to point in the direction of the dominant group
of users. Hence, the demand can be better satisfied. The
steps of Lloyd’s Iteration Partition Clustering is shown in
Algorithm .
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The initial K cluster centres in Step-1 of the Algorithm are
chosen as cluster seeds using the k-means++ algorithm [39]
for faster computation which converges better than random
seeding. In Step-2, the distance matrix (R xy) is computed
using the Distance Metric (DM) between all the users and
the cluster centres. Then using the distance matrix Rg«y, the
users are grouped into clusters to their nearest cluster centre.
The Distance Metric used to compute the distances in the
distance matrix Rg«xy are a Weighted Euclidean Distances
(WED) and is expressed as,

B A [ Enere(@n)
WED(y, ¢ ) = ((Xn —e7x) (Xn — e7v) )( ZI::l(dn) )
(12)

where d,, is the broadband traffic demand of any user n.
The WED will ensure that the clustering is based not only
on their geographical location but also on their broadband
traffic demand. In Step 4, a weighted version of the mean
user position is computed as a cluster centre ¢« using,

1
k= —=———
ZneTk dy

The Step-2 to Step-4 are repeated in Lloyd’s iteration fash-
ion for better clustering. The algorithm stops either when the
cluster assignments do not change or when the maximum
number of iterations are reached. We assume the maximum
number of iterations to be 500 is usually sufficient for a
good convergence. Upon the termination of the algorithm,
all the broadband users will be grouped into K clusters
(T, 7%...7K).

dnX,.
neTk

13)

C. VORONOI TESSELLATION
As clustering is based on current broadband user positions,
all broadband users in the cluster will be covered by the
cluster contour. So, we can define the boundary of the beam
around the clustered users in the satellite angular domain.
But, by defining the cluster boundary as beam boundary, we
may create uncovered regions between beams where there
is no coverage. Also, as the geographical locations of the
maritime and the aeronautical broadband users change, it is
necessary to plan beam boundaries such that no area remains
uncovered. Also, for a fair comparison with the benchmark
FMPF plan, we would like to guarantee the coverage in
all areas, where the coverage is provided by the benchmark
design method. For this we employ Voronoi Tessellation [40]
in order to define the beam boundaries.

The definition of the Voronoi Tessellation [41] can be
expressed as,

dom(M,N)={xe X : r(x, M) <r(x, N)}

where, r(x, N') = inf{r(x,n) : n € N} (14)

where if (X, r) is a metric space where X is a set of all points
in a 2D Euclidean space and r is a distance metric on X,
then given two nonempty sets M, N C X, the dominance
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Algorithm 1
Algorithm
procedure CLUSTERING (K, X, d, Dgxn, Cs, DM, M) >
K= Total number of beams,
X = {x1,x2...xy} = Broadband user set,
d ={dy, d>...dy} = User demand in Mbps,
Cs = {c71, cp2...cq«} = Initial seeds for cluster centres,
DM = Distance Metric,
Rixn = distance matrix,
M = Maximum number of iterations

[Step 1] Choose cluster centres {cy1,cy2...cq«} defined
by C;s selected as per k — means + + Algorithm.

while (Cluster assignments do not change) OR (M is not
reached) do

[Step 2] Compute distance PRg«y between each of
{c71,cq2...cqx} and all of {x{,x>..xy} using DM shown
in (12).

[Step 3] Assign {xi,x..xy} users to K clusters
(T', T2...TX} based on the minimum distance between the
users and cluster centre using Ry «n-

[Step 4] Compute new cluster centres {cs1, cy2...C7%}
by using (13).

end While
end procedure

Loyd’s [Iteration Partition Clustering

"

107

Satellite elevation angle in degree
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FIGURE 7. Beam boundaries (shown using green convex polygons) defined by
Voronoi Tessellations in satellite angular domain. Sampled coverage area is shown in
blue and the user positions are shown in red.

region dom(M, N') of M with respect to N is the set of all
x € X which are closer to M than to A. In other words,
for any point in a set of co-planar points, a boundary could
be derived encompassing it such that the region inside the
boundary includes all points nearer to it than to any other
point in the set. Furthermore, such boundary defines one
Voronoi polygon. The collection of all Voronoi polygons for
every point in the set is called a Voronoi Tessellation.

We consider the cluster centres {cr1,¢72...c7k}
obtained by weighted k-means user clustering in Euclidean

VOLUME 2, 2021

plane. Any centre ¢y« is simply a point in the Euclidean
plane, and its corresponding Voronoi cell V, consists of
every point in the Euclidean plane whose Euclidean distance
to ¢z« is less than or equal to its Euclidean distance to any
other centre ¢v=«. Each such Voronoi cell is obtained from
the intersection of geometric half-spaces, and hence it is a
convex polygon. The collection of such convex Voronoi poly-
gons distributed in the satellite coverage region of Europe
in the angular domain is shown in Figure 7. We approxi-
mate the boundary of Voronoi polygons as beam contour and
the geographic centres {c}, ¢} ...ck} of Voronoi polygons as
beam centres. However, from the antenna pattern perspec-
tive, the irregular Voronoi polygons cannot be approximated
as beams. Hence, we have to use the vertices of the Voronoi
polygons to compute the beam border by approximating the
Voronoi polygons to ellipses.

D. ELLIPTIC APPROXIMATION
Considering the mathematical tractability and topological
packing, we can approximate the beam footprint to either a
circle or an ellipse. However, a circular approximation of the
Voronoi polygons will overlap beams and will cause inter-
beam interferences. Hence, to reduce overlapping of beams
and to have full coverage, we approximate the Cartesian
coordinates of the boundaries of the Voronoi polygon vertices
into ellipses to represent them as beam footprint.
Accordingly, we divide (7) on both sides by a and move
X% to the right-hand side as,

2bxy + cy* 4 2dx + 2fy + g = —x°, (15)

and then define M and p as,

a1 ¥y 2 2y 1
20y y5 2n 2y
= . ) . . , (16a)
2y, yE o 2x 2y 1
T
p=[ ¢ d f g, (16b)

such that we can represent (15) as M x p = b’. To solve for
p, wWe use an estimation technique in (15) and represent it as
M x p=1b'. As we know the elements in M which are the
vertices of the covex Voronoi polygon, we find the pseudo
inverse (M) matrix of M. Then we assume b’ = —x* and
solve for p as p = M™ x b'. Hence, by solving for p, we will
have best parameters for a, b, ¢, d, f, g in the Least Square
sense.

The parameters a, b, ¢, d, f, g are now used to obtain cen-
ter, semi-major axis, semi-minor axis and the phase angle of
the ellipse [42]. The centre of the ellipse is obtained using,

cd — bf (17)

= y a
0= T
af — bd

= . 17b

Y= e (17b)
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FIGURE 8. Beam Footprint as ellipses (shown using green) over Europe using 71
Adaptive Beams in satellite angular domain. Sampled coverage area is shown in blue
and the user positions are shown in red.

The semi-major axis and the semi-minor axis are derived
using,

) 2(af? + cd® + gb* — 2bdf — acg)
axis| = , (18a)
(b% — ac) (\/ (a—c)? + 4b2> —(a+c¢)
) 2(af2 + cd? + gb* — 2bdf — acg)
axisy = ,
\ (B2 =a0) (—\/(a —or T 4b2) —(a+0o)
(18b)

where the bigger axis among axis; and axisp is the semi-
major axis and smaller axis among axis; and axisy is the
semi-minor axis.

The angle of rotation of the ellipse that best fits the
Voronoi convex polygon is derived using,

0, forb=0;a<c
1
1 for b=0;a>c
= gcot_1 5F for b #0;a<c 1
Z+gcot 14 forb#0;a>c.

The approximated ellipses from the Voronoi polygon in the
satellite angular domain is shown in Figure 8. The centres of
the ellipses (cx) will represent the proposed adaptive beams
centres/positions. The semi-major and semi-minor axis of
the approximated ellipses (66k, S¢x) defines the boundary
of the proposed adaptive beams. The angle of rotation of
approximated ellipses (¢x) represents the orientation of the
proposed adaptive beams.

The approximated ellipses on the satellite antenna domain
projected on the surface of the Earth are shown in Figure 9.
The domain conversion of the ellipses from the satellite
antenna domain to the surface of the Earth is the reverse
operation of what is discussed in IV-A. It can be noticed
that, on the surface of the Earth, the ellipse are distorted due
to the curvature of the Earth.
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FIGURE 9. Projection of 71 ellipses (shown in red) on the surface of the Earth over
Europe.
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FIGURE 10. Antenna pattern of FMPF plan where the colour bar represents Antenna
gain values on the surface of the Earth.

E. ANTENNA GAIN CALCULATION

In real satellite  antenna  pattern of FMPF
benchmark [20]-[22] shown in Figure 10, the antenna
gain values distributed across the coverage region is
sampled at coverage points on the surface of the Earth.
In the satellite angular domain, the coverage points and
their corresponding antenna gain values are shown in
Figure 11. The proposed AMPF beams are elliptical in the
angular domain of the satellite and hence, we approximate
the antenna gains of the AMPF antenna pattern using
two-dimensional Gaussian elliptical function. The antenna
gain at any point of the AMPF elliptical beam could be
modelled using,

S, 3) = Aexp(—(m (x = x0)% + 2m2(x = %) = ¥o)
+ ms(v=30)?)). 20)
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FIGURE 11. Antenna pattern of FMPF plan where the colour bar represents Antenna
gain values on the satellite angular domain.
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FIGURE 12. Antenna pattern of proposed AMPF plan where the colour bar
represents Antenna gain values on the satellite angular domain.

mp mz

where the matrix m :| is positive-definite matrix [43].
3

As the proposed elliptical AMPF beams are fitted with
the two-dimensional Gaussian elliptical function, the semi-
major axis of the ellipse (66) is fitted with ox of the Gaussian
function and semi-minor axis of the ellipse (6¢) of the ellipse
is fitted with oy of the Gaussian function. The coefficient
A is the amplitude of boresight point or maximum antenna
gain. The centre of the Gaussian function (intersection point
of oy and o) is the centre (xg, yo) of the ellipse. The values
of ml, m2 and m3 are defined using,

2 i 02
cos“ ¢  sin“ g
20 20y
sin2 sin 2¢
m =210 4 22 (21b)
dox doy
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For a fair comparison between the proposed AMPF pat-
tern and the benchmark FMPF pattern, Power Flux Density
(PFD) measured in Watts per square meters W/m? of the
proposed FMPF beams should be similar to the PFD of
benchmark FMPF beams. Also, the total transmission power
of the proposed AMPF scheme should be approximately
equal to the FMPF benchmark plan. We achieve this by opti-
mizing antenna gains of the AMPF beams at the sampled
coverage points on the surface of the Earth. Accordingly, we
first integrate the power at sampled coverage points of every
beam in the FMPF benchmark pattern and then normalize
the power of every beam in the AMPF beams, such that
the power of every proposed AMFP beam is equal to the
average power of the FMPF benchmark beams.

After fitting the two-dimensional Gaussian function upon
the proposed elliptical AMPD beams and optimizing its PFD
to the average PFD of the FMPD beams, we can obtain the
antenna gain value at any sampled coverage points on the
surface of the Earth. In the satellite angular domain, the
sampled coverage points and their corresponding antenna
gain values of the proposed AMPF antenna pattern are shown
in Figure 12. Also, Figure 13 shows the antenna gain values
of the proposed AMPF antenna pattern at sampled coverage
points on the surface of the Earth. Furthermore, using this
antenna gain values, we can determine SNR and the offered
throughput for any user at sampled coverage points on the
surface of the Earth.

V. SIMULATION AND RESULTS

A. DATA SET MODEL AND LINK BUDGET

The data sets that are employed for simulations are collected
from authentic sources to present an accurate traffic model.
The simulation parameters and the link budget information
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TABLE 2. Simulation parameters.

Satellite longitude 0 degree East (GEO)
Total Number of Beams, N'B 71
Uplink C/N 18.4 dB
Power per beam 13W
Number of beams per TWTA 1
Number of carriers per TWTA 1
Number of carriers per beam 1
Carrier Frequency 19.96 GHz
Carrier Bandwidth 216 MHz
Useful Bandwidth 216 MHz
Roll off 0.05
Symbol Rate 205 Msps
OBO 3.8 dB
NPR 20 dB
Payload degradations 2 dB
Free space distance 37000 km
Wavelength 0.015182186
Free space path loss 209.7215455 dB
Rain Fade (99.5%) 2 dB
Other losses 2 dB

considered for the proposed AMPF plan is summarized in
the Table 2.

Also, we consider a total number of N = 60617 users dis-
tributed across the coverage area of K = 71 beams whose
location and demand is extracted using the SnT traffic sim-
ulator [32]. We denote the traffic demand of the generic
user n, in bps, as d, using [32]. The SnT traffic emula-
tor [32] models the broadband traffic demand distribution
over Europe including users from Population distribution
for broadband Fixed Satellite Services (FSS), aeronautical
satellite communications, and vessel distribution for mar-
itime services. The number of flights corresponding to their
coverage area is considered, where the aeronautical data
is deduced from anonymized and unfiltered flight-tracking
source [44]. The container ship distribution for maritime
is included and evaluated by dataset obtained from vessel
tracking Web site (VesselFinder) which includes ship posi-
tions and marine traffic detected by global AIS network [45].
The Population data is used to generate the traffic distribu-
tion for broadband Fixed satellite services (FSS) terminals
and has been extracted from the NASA Socioeconomic Data
and Applications Center (SEDAC) population database [46].
These large-scale and fine-grained datasets guarantee the
reliability and the consistency of our traffic pattern analysis
and modelling.

B. NUMERICAL RESULTS
1) DEMAND DISTRIBUTION

The beam demand Dy (in bps) of a beam k is the summation
of traffic demand of all the users belonging to the beam k
and is expressed as,

(22)

Dy = Z dn»

neTk

and the total system demand (in bps) is the summation of
all the beam demands in the Multi-beam HTS system and
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FIGURE 14. Empirical Cumulative Distribution Function (CDF) showing the system
demand distribution across all the beams.

is expressed using,

K
Dy =Y D, (23)

k=1
where n = 1,2,...,N are the number of users, k =
1,2,...,K are the number of beams, d, (in bps) is traf-

fic demand of the user n. 7% is the set containing all the
users that belong to beam k.

The main objective of this work is to distribute D;ys evenly
among the K beams. To verify this, we computed beam
demands Dy Vk for both benchmark FMPF plan and proposed
AMPF plan and plotted Empirical Cumulative Distribution
Function (CDF) as shown in Figure 14. In AMPF plan,
probability of having any beams with zero demand is zero
whereas in FMPF plan, probability of having any beams with
zero demand is around 0.1. Also, the probability of having
beams with lower demand (< 8 Gbps) is higher in FMPF
plan than AMPF plan and the probability of having beams
with higher demand (> 26 Gbps) is higher in FMPF plan
than AMPF plan.

Hence, the proposed AMPF plan has clearly reduced beam
demand for beams with high demands and distributed it to the
beams with relatively lower demand. Furthermore, it ensures
that no beam is planned with zero demand. Whereas, in the
benchmark FMPF plan, the total system demand is more
unequally distributed. Also, some beams are having zero
beam demand that has to be met. This is majorly because in
rigid fixed plan, the geographical broadband user locations
and their traffic demand is ignored and hence some beams are
pointed to geographic locations on the Earth where no broad-
band users are present. Alternatively, the proposed AMPF
plan distributes system demand more evenly and ensures that
beams are always assigned with an adequate beam demand
that have to be met.

The Jain’s Fairness Index (J) [47] is a well-known fair-
ness metric, which in this context measures how evenly the
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demand is distributed across all the beams. Specifically, if
Dy, is the summation of demand of all the users in beam &,
the Jain’s fairness index is defined as,

2
J= -
K> e D%
and ranges between % and 1, where % signifies that the
system is least fair and 1 signifies that the system is most
fair. The Jain’s fairness index is computed for both bench-
mark FMPF plan and proposed AMPF plan at different time
stamps of a day and is shown in Figure 15. It is evident that
the proposed AMPF plan performs better with value much
closer to 1 in comparison to the benchmark FMPF plan.

2) DEMAND REQUESTED AND OFFERED THROUGHPUT

The throughput demand dy, x requested by any user n in
beam k is defined using,

1
dyn i = 7 D dy, (25)

neTk

where T* is the set containing all the users that belong to
beam k and d, (in bps) is traffic demand of the user n. The
cardinality of a set 7% is denoted |T%|.

In FMPF benchmark antenna pattern, the antenna gain
values distributed across the coverage region is sampled at
coverage points on the surface of the Earth. We define such
sampled coverage points as p = 1,2, ..., P, where P is the
total number of sampled coverage points under the entire
coverage region of the satellite in FMPF plan. We define
Signal-to-Noise ratio (SNR) as SNRg at any sampled cov-
erage point p in the FMPF plan. Also, as the granularity
of the sampled coverage point is fine, we approximate the
SNR experienced by any user n to the SNR of the closest
sampled coverage point p.
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FIGURE 16. Throughput demand requested and offered throughput to any user in
the benchmark FMPF plan beams.

The offered throughput (R\fn, ) to any user in a beam k
can be defined using,

1
RE, = —
e = ]

3 Blog2<1 + SNRE ) . (6)

F
PEP;

where B is the system bandwidth and the set Pf is the set
containing all the sampled coverage points that belong to
beam k. The cardinality of a set Pf is denoted |P{ |. For the
benchmark FMPF plan, the SNR at a sampled coverage point
(p) is computed using the FMPF benchmark antenna pattern
from the dataset provided by [32]. Also, we use four colour
frequency reuse scheme which makes inter-beam interference
negligible.

To ensure a fair comparison between the FMPF plan and
the proposed AMPF plan, we consider computing the offered
throughput of proposed AMPF plan at previously defined
sampled coverage points (p = 1,2, ..., P) of FMPF plan.
Accordingly, in the proposed AMPF plan, we define SNR at
any sampled coverage point p as SNRI";‘. The offered through-
put (R?Vn’ y) to any user n in a beam k can be defined
using,

1
k) = @

>~ Blog,(1+SNRY) |,
peP;

27)

where SNR at sampled coverage points (p) are computed
using antenna gain values at sampled coverage points
obtained by fitting the two-dimensional Gaussian function
as discussed in IV-E. The set Pf is the set containing all
the sampled coverage points that belong to beam k. The
cardinality of a set P‘,? is denoted |P£‘|.

Figure 16 shows the throughput demand requested by any
user in the benchmark FMPF plan beams. For better visual-
ization the beams are sorted based on the throughput demand
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FIGURE 17. Throughput demand requested and offered throughput to any user in
the proposed AMPF plan beams.

before plotting. From Figure 16 it is evident that through-
put demand requested by any user in beams 1 to 6 are
very high. Also, as there are no users from beam 63 to
71, the throughput demand requested by any user is zero.
However, the offered throughput to any user in the FMPF
beams remains same. Hence, the demand requested by any
user in beams 1-6 are not met. Also, the offered throughput
to beams 63-71 is unused due to the absence of users.

Figure 17 shows the throughput demand requested by any
user in the proposed AMPF plan beams. For better visualiza-
tion the beams are sorted based on the throughput demand
before plotting. From the Figure 17, it is evident that through-
put demand requested by any user in all the beams is almost
identical. Hence, the offered throughput to any user in the
AMPF beams is met in almost all the beams.

3) CAPACITY UNUSED/UNMET

Considering Ry, i as the offered throughput and dy, i as
throughput demand for any user in beam k, We define a set
U, that contains all the values of k that satisfies Ry, x > dv k
and set U, that contains all the values of k that satisfies
dvn.k > Rvy k. Then unused capacity and unmet capacity for
the whole system can be computed using,

Cunused = Z (RVn,k - an,k)s Uy = {Vk|RVn,k > an,k},

kel
(28a)
Cunmer = Z (dvnk — Rvni), Uz = {Vkldynk > Ryni}.
kelU,
(28b)

The Normalized Capacity Deviation (NCD) in percentage
for the benchmark FMPF plan and the proposed AMPF plan
system can be computed using,

(Cunused + Cunmet)

NCD = %
Zk:l dvn,k

(29)
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The geographic locations of the broadband users and their
requested throughput demand changes with time. Hence,
Using (28a), (28b) and (29), the NCD for the benchmark
FMPF plan and proposed AMPF plan is computed at dif-
ferent time instances of a day. From Figure 18, it is evident
that the proposed AMPF plan performs better than the
benchmark FMPF plan throughout the day. Furthermore, the
Normalized Capacity Deviation of benchmark FMPF plan
changes drastically with time. While at 03:00 time stamp,
73% of the capacity is unused/unmet, at 15:00 time stamp,
23% of the capacity is unused/unmet. This clearly shows
that the benchmark FMPF plan performs poorly when the
geographic locations of the users and their traffic demand
is variable. Meanwhile, the Normalized Capacity Deviation
of proposed AMPF plan remains relatively same throughout
the day and hence will be more suitable for mobile non-
uniformly distributed broadband traffic users with variable
traffic demand.

The dynamics of the load changes play a vital role in
the success of the proposed scheme. Nevertheless, based on
the data obtained from [44]-[46], the traffic demand varies
slowly compared to the time needed for beam adaptation.
Accordingly, in our simulations, we introduced adaptability
based on the load changes once every hour. However, this
adaptation could be made more often or even less often
depending upon the changes in the traffic demand. Another
approach is to trigger the proposed AMPF planning whenever
a threshold change is noticed. Nevertheless, the complexity
of the proposed AMPF scheme concerning demand dynamics
strongly depends on the frequency of adapting the plan.
Hence, such decisions are purely based on satellite operators
operational decisions on how often they would want to adopt
and hence was beyond the scope of this study.

VI. CONCLUSION
In this work, we present a comprehensive overview of the
beam pattern and footprint planning in a High Throughput
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Multi-beam Satellite communication systems. Also, we
include a detailed analysis of the benchmark Fixed Multi-
beam Pattern and Footprint (FMPF) plan and its drawbacks,
especially for non-uniform and mobile broadband user dis-
tribution with heterogeneous traffic demand. As the FMPF
plan fails to distribute the total system demand across all the
beams evenly, we propose an Adaptive Multi-beam Pattern
and Footprint (AMPF) plan as a relatively better solution.
A step by step procedure involved in AMPF plan such as
satellite angular domain transformation, weighted k-means
clustering of users, Voronoi Tessellation for full coverage
region, Ellipse approximation of Voronoi polygon has been
discussed in detail.

The simulations conducted using reliable data-sets clearly
show a better performance of the proposed AMPF plan in
comparison to the benchmark FMPF plan. The proposed
AMPEF plan distributes the total system demand more evenly
and also guarantees coverage region similar to FMPF plan.
Also by choosing proposed AMPF plan over the fixed rigid
plan, the unused/unmet system capacity reduces.
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