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Abstract— High-Throughput Satellite (HTS) systems with dig-
ital payload technology have been identified as a key enabler
to support 5G/6G high-data connectivity with wider coverage
area. The satellite community has extensively explored resource
allocation methods to achieve this target. Typically, these methods
do not consider the intrinsic architecture of the flexible satellite
digital payload, which consists of multiple processors responsible
for receiving, processing, and transmitting the signals. This paper
presents a demand-aware onboard processor management scheme
for broadband Non-Geostationary (NGSO) satellites. In this context,
we formulate an optimization problem to minimize the number of
active on-board processors while meeting the system constraints

This work is supported by the Luxembourg National Research Fund
(FNR) under the project FlexSAT (C19/1S/13696663), the project DIS-
BuS and the AFR Grant INSAT (FNR14603732) - “Power and Band-
width Allocation for INterference-Limited SATellite Communication
Systems” . (Corresponding author: T. S. Abdu). All authors contributed
equally.

T. S. Abdu, S. Kisseleff, E. Lagunas, S. Chatzinotas, and B. Ottersten
are with the Interdisciplinary Centre for Security, Reliability and Trust
(SnT), University of Luxembourg, L-1855 Luxembourg, Luxembourg
{tedros-salih.abdu, steven.kisseleff, eva.lagunas, symeon.chatzinotas,
bjorn.ottersten} @uni.lu. Joel Grotz is with the SES, Chateau de Betz-
dorf, Betzdorf 6815, Luxembourg {email: Joel.Grotz@ses.com}.

0018-9251 © 2022 IEEE

and user requirements. As the problem is non-convex, we solve it
in two steps. First, we transform the problem into demand-driven
bandwidth allocation while fixing the number of processors. Second,
using the bandwidth allocation solution, we determine the required
number of processors with two methods: 1) sequential optimization
with the Branch & Bound method and 2) Bin Packing with Next
Fit, First Fit, and Best Fit methods. Finally, we demonstrate the
proposed methods with extensive numerical results. It is shown that
the Branch & Bound, Best Fit, and First Fit methods manage the
processors better than the Next Fit method. Furthermore, Branch
& Bound requires fewer processors than the above methods.

Index Terms— Bandwidth allocation, Bin Packing, Branch
& Bound, high-throughout NGSO satellite, payload processors,
sequential optimization.

I. INTRODUCTION

Satellite communication network providers are ex-
pected to offer broadband connectivity to meet the needs
of an increasingly heterogeneous market, including the
broadcast industry, airplane industry, maritime sector,
government agencies, and end-users [l]. Furthermore,
satellite technology has a significant role in the era of
5G and beyond in terms of integrating satellite networks
with terrestrial networks, providing backhaul services,
and offering coverage for the internet of things (IoT)
applications and beyond [2]—[4].

Satellites are now incorporating advanced digital pay-
load technologies to adapt to these diverse markets and
emerging applications. These payloads have the recon-
figurable capability to perform various functions, in-
cluding changing the beam coverage, allocating satellite
resources, and adjusting the RF power distribution dynam-
ically in response to traffic demands [5], [6]. However,
advanced management techniques must be employed to
better exploit the functionality of these digital payloads.

Several studies have been conducted regarding satel-
lite resource management based on user demand require-
ments. In this case, the power allocation over satellite
downlinks in light of traffic demand and channel char-
acteristics has been investigated in [7]. Moreover, in
[8], power allocation has been proposed while consider-
ing inter-beam interference among the beams. Addition-
ally, a two-stage power allocation method using meta-
heuristics to minimize the system’s unmet capacity has
been proposed in [9]. Similarly, an energy-aware power-
allocation technique to minimize unmet system capacity
and transmit power consumption has been explored in
[10]. Furthermore, a reinforcement-based and a game-
based approach for allocating the system power has been
developed in [11], [12] and [13], [14], respectively. How-
ever, these approaches only focus on power management
without considering payload management and bandwidth
allocation. Alternatively, bandwidth allocation is explored
in [15], [16] to match the traffic demand with the system
capacity. However, power allocation and payload manage-
ment are not incorporated into these methods.

In the literature, different resource allocation methods
have been discussed with regard to joint power and band-
width allocation. In [17], a modified version of the sim-
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ulated annealing algorithm has been proposed in order to
achieve a fair distribution of power and bandwidth across
beams while simultaneously taking fairness into account.
Similarly, reinforcement-based techniques in [18]-[20]
and using conventional neural network in [21] has been
proposed to jointly allocate the power and the bandwidth
of the satellite system. Furthermore, an iterative convex
optimization approach to utilize the satellite resource
efficiently has been studied in [22]-[24]. Additionally,
resource optimization for integrating satellite-terrestrial
communication has been considered in [25]-[30].

There have been a few studies that have examined the
relationship between the management of resources and
the intrinsic architecture of digital payloads. A model
for quantitatively evaluating the flexibility of payloads
with a digital channelizer has been explored in [31].
Additionally, in [32], a frequency resource allocation
method based on beam requests has been proposed to
improve the overall throughput of satellite communication
systems. Moreover, it investigates the advantages of dig-
ital channelizers compared with the traditional resource
allocation method.

While the above methods manage the satellite re-
sources, they do not address the constraints imposed
by the payload processors, which require a different
perspective. Fig. 1 illustrates a generic digital payload
comprising RF inputs, RF outputs, and digital processor
ports equipped with ADCs (Analog to Digital Convert-
ers), DACs (Digital to Analog Converters), filters, and
modulation/demodulation techniques. A typical payload
of this type is called a regenerative onboard processor.
Alternatively, it is known as a Digital Transparent Pro-
cessor (DTP) if the payload does not provide modulation
and demodulation capabilities [33].

The RF front-end input is used to down-convert the
received signal into a baseband/Intermediate Frequency
(IF). It consists of a filter, a low-noise amplifier, a mixer,
and a gain controller. The processor then converts the
baseband/IF signal to digital format using ADC and
applies channelization (filters), modulation, and demod-
ulation techniques to process the signal further. Finally,
the digital signal is converted back to an analog signal
through DAC. The DAC output signal is filtered and
amplified on the RF front end output side for transmission
(51, [33].

The payload' operates the signals through multiple
digital processors because 1) A single processor can
handle only a limited number of beams in order to reduce
signal processing complexity and to avoid unnecessary
delays due to sequential processing of tasks, and 2) two
or more signals with the same carrier frequency need
independent processors to avoid interference. Therefore,
appropriate mapping of the carrier bandwidth of signals to
processors is required. On the other hand, the optimized

'Note that flexible digital payloads have been introduced recently. This
is why the optimization for mapping data processing tasks for the
individual beams onto the processors has not been considered so far.

signal bandwidth may depend on the user demand; a
low demand requires less bandwidth, whereas a high
demand requires a larger bandwidth. Thus, the number
of operating processors may vary according to the de-
mand. In general, if the demand is low, fewer processors
are needed, while more processors become necessary as
demand increases. Hence, depending on the demand, not
all of the available processors may need to be switched
on. This reduces the amount of power needed to operate
the processors in order to configure each beam.

In this context, we focus on the optimization of the
forward link bandwidth for broadband Non-Geostationary
(NGSO) satellites with the main goal to minimize the
number of active on-board processors while meeting the
system constraints and end-user traffic demands. The
detailed contributions of this paper are summarized as
follows:

e We propose a mathematical formulation for the
demand-aware onboard payload processor optimiza-
tion to minimize the number of operating proces-
sors while considering the following aspects: 1)
frequency planning constraints; 2) User demand
constraint, and 3) processor abstraction constraints.
Hence, the satellite payload processors can be man-
aged flexibly according to the system constraint and
the beam demand requirement.

e The optimization problem is non-convex due to non-
linear functions and integer-valued variables present
in the formulation. We propose a two-step approach
to efficiently tackle the problem. First, we design
the bandwidth allocation strategy based on the fre-
quency planning and demand satisfaction require-
ments, while fixing the number of processors. Sec-
ondly, we consider the processor abstraction problem
to determine the minimum number of processors
required to accommodate the above bandwidth allo-
cation strategy. We propose the following solutions
to address this problem: 1) sequential optimization
based on the Branch & Bound technique. 2) Bin
Packing [34] based on Next Fit, First Fit, and Best
Fit methods.

e Finally, we demonstrate the performance of the pro-
posed methods through extensive numerical evalua-
tions. We observe that the Branch & Bound, Best
Fit, and First Fit have better performance in flexibly
managing the payload processors than the Next Fit
method.

The rest of the paper is organized as follows. In
Section II, the system model for the NGSO satellites is
provide. The proposed demand-aware onboard payload
processor management is presented in Section III. In
Section IV, the simulation results are discussed. Finally,
Section V concludes the paper.
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II. SYSTEM MODEL

We consider a downlink NGSO satellite to provide
high data-rate connectivity to ground users. To continu-
ously serve the globe, Fig. 2 shows a single constella-
tion with multiple satellites. Since each NGSO satellite
possesses similar characteristics, this model focuses on
a snapshot of one NGSO satellite within a specific ge-
ographic region. This satellite employs multi-beam tech-
nology to produce N narrow beams to serve a particular
geographical area, see Fig. 2. The beams can be generated
using Direct Radiating Arrays (DRAs) or Focal Array Fed
Reflectors (FAFRs) based antennas [35]. The generated
beams are assumed to be sparse to reflect a realistic
scenario in which the satellite covers only the areas of
interest. The O3b mPOWER satellite, for example, uses
steerable and shapable spot beams that are continuously
shifted and scaled to cover specific geographical areas
[36]. Hence, depending on the coverage area, some beams
may not have overlapping regions. Furthermore, the de-
sired area covered by the satellite may represent maritime,
aeronautical, and terrestrial providers. Therefore, the de-
mand may substantially vary from one beam to another.

Fig. 2. NGSO constellations with multi-beam technology.
Although multiple users may be served within the
same beam coverage area, in this work we follow a user
scheduling abstraction, i.e. we consider a single user per
beam and we examine the system’s performance at differ-
ent user locations. For this, we select the user’s location
from a uniform distribution within the beam’s coverage
area. For example, Figs 3a and 3b show the user selection
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Generic digital payload system.

at different instances. Then, the system response for each
instance will be recorded and averaged to determine the
overall system performance. This will be presented in the
simulation results Section IV. Henceforth, we will use the
terms beam and user interchangeably.

Latitude [deg]

Longitude [deg]

(a) (b)

Longitude [deg]

Fig. 3. N = 20 beam scenario with an example of user location

selection.

A. Satellite Payload Processor Model

The processor is responsible for receiving and pro-
cessing the signals before forwarding them to the user
terminals. Using multiple processors, the satellite payload
can process a total bandwidth of By, on the forward
link. Each processor operates in a Ka-band available
bandwidth B,,, from 19.7 to 20.2 GHz. In this case,
Bfwd > Bava. In conventional satellite systems, the
bandwidth B,,, is divided into bandwidth chunks, and
a frequency reuse scheme (e.g., a four-color scheme)
is used to reuse each bandwidth in adjacent beams.
Accordingly, the processors handle the bandwidth chunks.
However, bandwidth fragmentation may occur within
each processor’s available B,,,, as shown Fig. 4a. This
is because conventional systems do not optimize the
bandwidth distribution across processors, resulting in
the use of a substantial number of processors. Hence,
optimizing bandwidth distribution across the processors
would be more beneficial in minimizing the number of
active processors and bandwidth fragmentation. This can
be seen from Fig. 4b where the bandwidth chunks are re-
arranged to be handled by fewer processors than Fig. 4a.
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In this context, optimizing bandwidth distribution across
the processors will be addressed in Section III.
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Fig. 4. Processor Management: (a) Wasteful configuration ; (b)

Optimized configuration.

B. Frequency Planning Model

In our model, each beam can be allocated an or-
thogonal carrier to avoid co-channel interference. How-
ever, there is the possibility of re-using the same carrier
frequency band if beams are sufficiently separated. In
this case, a group of beams may share the same carrier
frequency band. Additionally, beams belonging to the
same group require a different processor to process each
beam’s signal, see Section IIIA. In this context, we define
the set of groups as G = {G1,G2,...,Gm,.-.,Gnm }, Where
G, 1s the mth group of beams and the maximum number
of groups is given by M = 2V — 1. Furthermore, we
define B,, as the bandwidth of the carrier assigned to
the mth group. Fig. 5 shows an example of a satellite
system with N = 3 beams at different instances. In this
case, we have M = 2V — 1 = 7 possible groups and the
groups are Gy = {1}, Go = {2}, G3 = {3}, G4 = {1,2},
Gs = {1,3}, Gs = {2,3}, and G; = {1, 2, 3}. Accordingly,
for each group, the satellite allocates the corresponding
bandwidth B,, from the available bandwidth B,,,. For
example, from Fig. 5, at instance one, the satellite al-
locates By and Bg for G; and Gg, respectively, while
the bandwidth allocation for the other groups is zero. At
instance two, the satellite selects Gz, G4, and Gg with
their corresponding bandwidth Bs,B4, and Bg. Hence,
in our model, each beam can be assigned to multiple
carriers. However, the bandwidth allocation must satisfy
the following constraints

T1: Y By < Baw,
Gm€G (1
T2: By >0,V

The constraint 71 guarantees that overall bandwidth
utilization should not exceed the total available processor
bandwidth. The T2 constraint implies that B,,, cannot be
negative. Furthermore, we denote the transmitted power

of beam ¢ belonging to the mth group as p; ,,. The overall
power allocation is restricted by the total system power
Piota1 and is defined as

N

T3: Z Z Pim < Ptotah

i=1 i€Gm, ()
gm€g

T4:pim >0,Yi,m.
Note that the power sharing enabled by flexible pay-
loads has been assumed, such that total power can be
arbitrarily distributed across beams [37].

C. Channel model

The satellite channel is primarily affected by the Line
of Sight (LoS) component, the antenna radiation pattern,
and the rain attenuation [38]. Hence, we can model the
channel as

himlj] = | [ 301, 3

ml] Lpspr[i]4rain 7] )

where h; ,,[j] is the channel coefficient from a beam j to
beam ¢ of in the mth group and consists of the following:

e Free-Space Path Loss (FSPL): the attenuation of a
signal as it propagates through free space [39]. This
path loss is defined as

a0\ 2
lrspLli] = (47T)\Z> ; “)
where A is the carrier wavelength and d; is the LoS
distance between the satellite and the ith beam.
e Antenna gain (AG): this refers to the overall gain

obtained from the receiver and transmitter antennas,
which is modeled [40], [41] as follows

G(0:.mli]) =

T (wimli) | o ds(imli]) )
GRGmaX< " +36 (’U/z,m[]])?) ) ’ (5)

2uj,m (5]
where Gg is the receiver gain, Gp.x 1S the max-
imum beam gain, Ji(u;.,[j]) and Js3(u; n[j]) are
first-order and third-order Bessel functions of the
first kind, respectively. Furthermore, wu;,,[j] =
2.07123%, where 6; ,,,[j] represents the an-
gle between the center of the beam j and the desired
location of beam ¢ as viewed from the satellite. Fur-
thermore, 034p refers to the half-power beamwidth.
e Rain attenuation: reduces the amplitude of the trans-
mitted signal by scattering and absorbing it. This
rain attenuation effect is notably severe for carrier
frequencies above 10 GHz. Following the recom-
mendation of TU-R P.618 — 13 [42], ITU-R P.839
[43]ITU-R P.837 [44] and ITU-R P.838 [45], the
rain attenuation is given by

Ai[P]

grain [Z] = 10.1703 (6)

where A;[P][dB] is the rain attenuation for beam ¢ with
a percentage P of the average rainfall rate in a year [44].
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Let gm[ ] = gl,m[l]a gi,m[Z]a s agi,mHG’rn”] Wlth
Gi,mli] = |hi,m[4]|* represents the channel gain vector of

beam ¢ belonging to the mth group, where |G,,| is the
cardinality of the mth group. While having the transmit
power and channel definitions, the Signal-to-Interference-
plus-Noise Ratio (SINR) of beam ¢ in the mth group is
determined as

9i,m ipi,m
G| d . @)
ZJ 1,j#i 9i, m[ }pj,m + N()Bm

Ym [z]

Then, the Shannon capacity for the beam ¢ in the mth
group is

Cm[i] = B logy (1 4 ymlil). (8)

Subsequently, the total capacity provided by the system

to the beam 7 is
Clil= Y Cnlil. 9)

1€Gm
Im€G

This capacity should match the demand D[i] > 0 i.e.

T5: C[i| > D[i],V¥;. (10)
However, for larger demands, the constraint 75 may
not feasible to satisfy. In this case, the total demand
satisfaction in all beams is measured by the unmet system

capacity as follows:

an

unmet

Z max( z]] 0).

Ill. PROPOSED DEMAND-AWARE ONBOARD
PAYLOAD PROCESSOR MANAGEMENT

In this section, we propose a demand-aware onboard
payload processor management optimization for high
throughput NGSO satellite systems. Firstly, the processor
abstraction will be presented to provide details on how
the processor will handle the beam bandwidth chunks.
Then, we formulate a problem while considering the
satellite payload model, the frequency planning model, the
channel model, and the processor abstraction. Afterward,
a solution will be presented for this problem.

System bandwidth allocation

A. Processor Abstraction

This section discusses in detail the system constraints
associated with processor abstraction. A single processor
must handle orthogonal carriers to avoid signal inter-
ference. Hence, signals with the same carrier frequency
require different processors. Additionally, a beam may
belong to several groups depending on its demand. Cor-
respondingly, multiple bandwidth chunks can be assigned
to the same beam?. In this case, it is preferable to allocate
the bandwidth chunks belonging to the same beam, to the
same processor. Consequently, we can avoid the amount
of signal processing required to recombine bandwidth
chunks from multiple processors for the respective beams.
In this context, we provide the specific characteristics of
the processor abstraction as follows.

1. Bandwidth Mapping

The system is required to assign the correspond-
ing bandwidth chunks of beams to active processors.
Let x,,[i][]] be a binary value mapping indicator with
Zm[i][l] = 1 indicating that the bandwidth chunk B,, of
beam 7 belonging to the mth group is mapped to processor
l. Note beams belonging to the mth group share the
same bandwidth chunk B,,. Hence, each beam requires
different processors to avoid signal interference. On the
other hand, beams belonging to different groups can be
assigned to the same processor. Furthermore, the system
must avoid assigning two or more processors to handle
the same bandwidth chunk B,, of beam 4. Additionally,
mapping is permitted only when the /th processor is in
active mode, i.e. y; = 1 otherwise y; = 0 indicating
that the /th processor is offline. Hence, we introduce the
following constraints.

T6 : Z T [l < 1,Ym 1,

1€Gm,
gmeg

T : me

< 1 v7" ’L7

’In this paper, we assume that a single super user per beam represents
the aggregate beam demand. Hence, we focus on beam-level bandwidth
allocation, while user-level sub-carrier allocation design is beyond this
paper’s scope.
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L
T8 : |G| min{1, [By/Baval} < > > @ [il[l], Vn,

=1 i6g7m
Im€G

T9:zp[i[l] € {0,1}, Vi,
T10:y, € {0, 1},Vl,
T11 2 [0 < w1, Von-
(12)

Where 76 prevents beams belonging to the same
group from accessing the same processor, whereas 77
avoids repetitive bandwidth mapping to the processors
for ith beam belonging to mth group. For B,, > 0,
the constraint 78 ensures that all beams in the mth
group are mapped to their respective processors. Note
that the symbol [-] in 78 denotes the ceiling function.
This mapping is only possible if y; is equal to one.
Furthermore, all the bandwidth chunks mapped to the Ith
processor must not exceed B,y,. Hence, F; < By, holds
and expressing F; in terms of x,,[é|[l] and B,, as

F=30 3 anlilllBa,

i=1 iegm ]
Im€g

leads to the following constraint

T12:) Y 2u[il[l1Bm < Baya-

i=11€Gm,
Im€G

13)

2. Carrier Contiguity

For practical reasons, we assume that carrier conti-
guity can be employed to assign the bandwidth chunks
belonging to the same beam to the same processor. This
reduces the additional signal processing required by the
system to recombine bandwidth chunks belonging to the
same beam from multiple processors for transmission.
Therefore, we define a binary-valued variable z;[i] with
zi[¢] = 1, indicating that all the bandwidth chunks of beam
1 are mapped to the [th processor. Accordingly, we write
this as follows.

T13: > an[illl] = zfi] Y min{[By/Bawl, 1}, Vi,

1€Gm, 1€Gm,
Gm€G Gm€G

L
l
z[i] € {0, 1}, Vi,

Il
—

T15:

15)
where 713 confirms that all the bandwidth chunks are
assigned to the I/th processor. Furthermore, 714 prevents
mapping carrier contiguity of the ¢th beam into multiple
processors.

B. Problem Formulation

Here, a payload processor management problem is
formulated to determine the minimum number of pro-

cessors needed for onboard signal processing to handle
the bandwidth chunks of each beam. Hence, we can
closely match the system’s capacity with the beam de-
mand and switch off completely unused processors to
preserve battery power. Additionally, since it is an NGSO
satellite, the situation may change many times during
the passage. Hence, to improve the adaptability of the
obtained solution to future changes, especially since the
size of the bandwidth chunk to be added in the future
is unknown, it is reasonable to save as much processing
capacity as possible. Accordingly, we propose to load the
active processors as much as possible, such that some
processors would have large capacity savings, i.e., large
bandwidth chunks can be accommodated in the future. In
this context, we consider to minimize the Zlel y; while
utilizing the maximum load of each active processors i.e.
F;. Hence, the problem is formulated as follows:

L
. Y
minimize wy
yu,2: [1,xm [4][1], lz_; Fl + 1 (16)
myPi,mVi,l,m -
st T1-T15,

where Zle w; = 1, w; < w1, and w; is the priority
factor of the Ith processor. Hence, a processor with the
lowest priority factor will have a greater chance of being
activated than one with the highest priority factor. The
objective of the problem (16) and the constraints 75, 78,
712, and 7 13 have nonlinear functions, while the remain-
ing constraints have integer linear functions. Hence, the
type of the problem is a mixed-integer nonlinear program.
The solution to this problem is thus difficult to obtain for
the following reasons:

e Non-convexity : The non-linear function of the ob-
jective, the constraints 75, 78, 712, and 713 makes
the problem non-convex; thus, convex optimization
methods cannot solve it. Hence, (16) needs to be
convexified first.

e Complexity : Two factors contribute to the com-
plexity of this optimization: 1) The total number of
bandwidth and transmit power optimization variables
are increases exponentially as the number of beams
increases, which is given by 2V —1 and N(2V —1),
respectively. Thus, as IV increases, the computational
time for the optimization increases. 2) The search
space due to the combinatorial type of optimization
variables x,,[é][!], v, and z[i] increase exponen-
tially as N and L increase with 9N +N+L-1) oL
and 25T, respectively. Hence, the computational
complexity of (16) combined with its non-convexity
makes the problem much more difficult to solve. For
this, complexity reduction is required.

To address the above issues, we decompose the origi-
nal problem (16) into two parts. Firstly, we solve the
frequency planning problem so that the offered capac-
ity closely matches the beam demand while fixing the
number of processors. Consequently, we simplify it into
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a demand-driven bandwidth allocation problem by con-
vexification and complexity reduction. Then, we consider
the processor abstraction problem by fixing bandwidth al-
location. For this, we propose two methods: 1) sequential
optimization, which uses the Branch & Bound technique
and considers the processors sequentially for handling
bandwidth allocation. 2) Bin Packing, which uses the
processors as bins and bandwidth chunks as items to be
packed heuristically. In this context, we explore Next Fit,
First Fit, and Best Fit bin packing methods.

C. Demand-driven Bandwidth Allocation

Here, we want to allocate the necessary bandwidth and
transmit power to each beam based on its demand. Hence,
matching the offered capacity with per beam demand
is required. For this, we minimize the system unmet
capacity in (11) while fixing the number of processors
to £, 1 < £ < L. For L processor, we only consider
groups of beams containing £ or less beams. In this case,
we need only groups from G that satisfies G,, € Z, where
neV,V={m:|Gy, < LV,}and Z = {G,},V,.
For example, with £ = 2, groups that satisfy |G| < 2
are selected. In this case, if |G| = 2 is chosen, i.e two
beams share the same B,,, then, it is possible to assign
one processor to each beam. Accordingly, the problem
(16) for L processors is simplified to the following sub
problem.

N

pingaize S me(1 - 5.0
.t.
® T1: Z By < Bua,
Gocz (17)
T2:B,>0,Y,,
T3: Z Z Pin < Piotal,
i€Gn GnEZ
T4 c Pin Z 07V7;a n,
where C[i] = > ¢ czicq, Cnlil. Note that our goal is

to closely match the per beam demand with the offered
capacity. Hence, the constraint 75 is equivalently repre-
sented in the objective function of (17) as unmet system
capacity of (11). Unfortunately, the non-linearity of the
SINR makes the (17) non-convex. Furthermore, its has
exponential complexity because the optimization variable.
Hence, to tackle the problem, we consider a sub-optimal
solution of (17). For this, we assume that the spectral
power density Spsq is known for each beam. This will
help us to avoid the non-linearity of (7). Accordingly,

Then, replacing the max function of the objectlve

function using upper bound slack variable (; [[ 1<
¢i and ¢; > 0, the sub optimal of (17) is provided as
mlgifrltze Z G
s.t. T1,72,
T3 : Z |gn‘SpsdBn < Ptotal» (19)
gn€Z
5 Cli]
R61—7< i,Vi,
D[i| — ¢
RT: Ci > O,Vl

Problem (19) is a linear program that can be solved by
well-known solvers [46]. Note that this optimization part
does not include processor abstraction such as bandwidth
mapping and carrier contiguity. Hence, £ in this optimiza-
tion reflects the number of operating processors without
carrier contiguity, i.e. a beam’s bandwidth chunks can be
distributed across multiple processors. However, the exact
number of processors required by the system to support
carrier contiguity will be determined in Section D. Algo-
rithm 1 shows the demand-driven bandwidth allocation.
With increasing number of processors, the total amount
of bandwidth chunks that can be accommodated increases
monotonically as well. However, if the number of proces-
sors is too low, the bandwidth allocation problem may be
infeasible. Hence, the minimum number of processors is
determined by solving the bandwidth allocation problem
with a single processor and then gradually incrementing
their number until the problem becomes feasible. Hence,
the algorithm solves and updates the value of £ until the
objective function of (19) satisfies the threshold value of
€. The e represents the minimum threshold required to
match a beam’s demand with the capacity offered. In this
case, ¢ is selected in the order of 10~ bps.

Algorithm 1: Demand-driven Bandwidth Allo-
cation
Input: £ + 1;

while 7 ¢ > e and £ < L do
Solve (19)
L—L+1

D. Mapping Bandwidth to Processor

In this section, we are interested in mapping the
bandwidth of each beam obtained in Section C to the

with pin = Spsa Bn, (7) is re-written as processors. With this bandwidth allocation solution, we
_ simplify (16) to the following optimization problem.

’y [Z} _ gl n[l]SdeB L y

T S IG So.aBn + NoB,, minimize wy =2
Z] 1,j#i i, nl7]Spsa 0 (18) yz,z,[l] ; I +1 (20)

Gin[1)Spsd il Vi 15
Gn
Z‘] 1‘];&1 9i.nlj]Spsa +No. s-t. T6-T15.
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Note that G,, € Z and B,, is known, see Section
C. Hence, T6-715 constraints are updated accordingly.
Since the bandwidth B,, is known, the constraints 738,
712, and 713 become linear. However, the problem
remains challenging because nonlinearity of the objective
function and the aforementioned exponential complexity
associated with the combinatorial nature of the integer
part of the problem. To tackle this challenge, we propose
two methods: sequential optimization and Bin Packing.

1. Sequential Optimization method

We transform (20) into a sequential optimization prob-
lem to solve it. Fig. 6 provides a toy example of sequential
optimization that shows a mapping of bandwidth of 5
beams into three processors. Initially, all processors are
in offline mode, thus y; = 0,V,. The first step in mapping
bandwidth chunks is to choose which of the three proces-
sors to use. Then, we would like to assign as many band-
width chunks as possible to this specific processor before
moving on to the next. Consequently, we can utilize fewer
processors. In this context, the processor with the lowest
priority factor is selected first. This is because from (20),
a processor with a lower priority factor will have a greater
chance of being considered for operation than one with
a higher priority factor. In this case, w; is the lowest
priority factor, then the first processor is chosen, i.e. y;
becomes one while y;,V;+; of the others remains zero.
Thus, the minimization of Zle wl% is simplified
to a minimization of w;/(Fy; + 1). It is possible to
convert minimization of w; /(F;+1) into maximization by
interchanging its numerator and denominator functions,
i.e maximization of (Fy + 1)/w; ~ Fj. Accordingly, we
maximize Fj subject to the beam’s bandwidth chunks. In
this example, both beams 1 and 4 maximize the function
Fy. Since we already use the first processor, we map
the remaining bandwidth to subsequent processors. We
follow the same procedure as described above to select
the processor with the lowest priority factor and allocate
bandwidth chunks accordingly for the remaining proces-
sors. Hence, we select the second processor since it has
the lowest priority factor than the third processor in this
example. This processor operates at maximum efficiency
with beams of 2 and 5. Finally, the third processor is
selected and assigned to beam 3.

Note that in this sequential optimization, we take into
account one processor at a time, then minimization of
Elel w; 5% in (20) is simplified to a maximization of
Fy. Furthermore, 78 and 710 of (20) are not required
for this sequential optimization because both constraints
are only useful when considering multiple processors
at once. Furthermore, we can discard 77 and 711 in
this sequential optimization because both are equivalently
represented by 79. In the above context, for a single
processor, the (20) reduces to

T63 Z In[l]m S lyv'lu

1€Gn,
Gn€Z

T9 :a,[i][l] € {0,1}, V04,
T12:) > a[il[l1Bn < Bava,

i=1 i€Gn,
Gnez
T13: > walilll] = zli] > min{[Bn/Baal, 1}V,
1€Gn, i€Gn,
Gn€Z Gn€Z

15 : z[i] € {0,1},V,.
T15: zli] € {0,1}, e

Note that by observing the 713 equality of both left
and right parts of the equation, we equivalently re-write
Fj as

(22)
= Z Z1 [’L] Z B, min{ [Bn/Bava‘Ia 1}

i=1 1€Gn,
GnEZ

Then, we consider (22) as objective function of (21).
The (21) has less computational complexity than (20)
because we reduce the search space of the optimization
variables corresponding to bandwidth mapping, processor
indicator and carrier contiguity from 2M+N+L 9L = and
2L+N o 2IVI+N 0, and 2V, respectively. Furthermore,
(21) is an integer linear program that can be solved by a
branch and bound method using MOSEK in CVX solver
[46]. Algorithm 2 describes the sequential optimization
method. First, the algorithm solves (21) for the first
processor and records the beams corresponding to this
processor into Z;. Then, for the subsequent processor,
the algorithm solves (21) for all beams not included
in the the set Z;,V,;. Finally, it terminates when all the
bandwidth of beams are mapped to the processor. This
occurs when the total number selected beams are equal

L
to N, i.e, UIl
=1
this algorithm is given by O(L2").

= N. The computational complexity of

Algorithm 2: Sequential Optimization method

Input: [ < 0;
Il < {},
L
while UL < N do
=1
l+—1+1
L
Solve (21), for i ¢ | 7,
=1

N Update z, ][] <1 — 2[i],Vin
ma)i:;L[IlIf.ze Z z1[7] Z B, min{[B,,/Bay.], 1}, | T Y if i ==1
el Vi T SOy
s.t.
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Fig. 6. Sequential optimization
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2. Bin Packing method fits on the processor [. In this case, the processor
This method solves the Bin Packing problem by pack- cannot accommodate the Wy since the sum of the
ing different sized items into a finite number of bins, each W, and the W5 exceeds its capacity. The algorithm
having a limited capacity [34]. We consider processors then closes the [ processor and activates the [ + 1
as bins and bandwidth chunks as items in this context. processor to assign Wo. It then selects the next item
Let the set of bandwidth chunks per beam be denoted as W3 to pack on the [ + 1 processor. Subsequently,
B ={B1,Bs,...,Bn}, where B; is the set of bandwidth the item W, is selected. Since beam 3 and beam 4
chunks for beam 4. The normalized size of B; is defined as belong to the same group Gi6, Wy cannot fit on the
W;, which indicates that the overall bandwidth allocated I + 1 processor. Additionally, placing the item W,
to ith beam and normalized by B,,,. Hence, our goal with W, and W3 exceeds the processor’s capacity.
is to pack or map W;,V; to the processors while taking Hence, the algorithm activates the [ + 2 processor
into account the processor abstraction scenarios such as to pack W,. Following that, W5 and Wy are placed
1) the bandwidth chunks of B; that correspond to beam on [ + 3 and [ + 4 processors, respectively. This is
7 must all be mapped to a single processor 2) beams that because beam 5 and beam 4 belong to the same
share the same bandwidth must be mapped to different group G35 and thus beam 5 cannot be placed on a
processors, and 3) to use as few processors as possible. [+2 processor. Additionally, since beam 6 and beam
In this manner, we consider the following Bin packing 5 belong to the same group Gs7, placing beam 6 in
methods. [+ 3 is not allowed. See Fig. 7 for this example. The
. . . . computational complexity of this algorithm is given
e Next Fit algorithm: This activates only one by O(L).

bin/processor at a time. Furthermore, a new proces-
sor is activated when the item W, does not fit in

the current [th processor. In this case, the item W; 03
is mapped to the next [ 4+ 1 processor if beam j in r 3
the [th processor and beam : belong to the same o7
1 1+1 142 1+3

group or if the processor capacity is insufficient to ™

. . +
support the W; of beam 7. As an example, consider
W, = 06, Wo = 0.7, Wy = 0.3, Wy = 04 Fig. 7. Mapping bandwidth to processors using Next Fit algorithm

Ws = 0.1, and W = 0.55 as well as the selected

beam group’: G; ={Beam 1, Beam 2}, G;5 ={Beam e First Fit algorithm: In this algorithm, all processors
3, Beam 4}, Gy, ={Beam 1, Beam 2, Beam 6}, are kept active and arranged in order. Then, it
G35 ={Beam 2, Beam 5, Beam 4}, and G3; ={Beam attempts to place each new item in the first processor
2, Beam 5, Beam 6}. For this, assuming 5 processors, available if it does not violate the orthogonality
with each processor having the capacity of 1, the bandwidth and capacity of the processor. With the
Next Fit does the following. The first step is to example above, the First Fit algorithm places 1, on
activate the processor [ and determine whether the the [ processor and W5 on the [+ 1 processor. Then,
first item W, will fit. Since W fits on the current W3 is included in the [ processor. Following this, TV,
processor, this algorithm places it on this processor. is selected and placed on the I 4 2 processor since
Next, the second item W5 is selected to check if it both / and [ + 1 have limited capacity. Furthermore,

W, is not allowed to be with W5 or W5 because it

3Note that beams in different groups use an orthogonal carrier frequency belong to the same group Gss and Gie, respectlvely.

band, while beams in the same group use the same carrier frequency Subsequently, Wi is selected and included in the pro-
band. cessor [. Finally, W is assigned into [+ 2 processor
ABDU ET AL.: DEMAND-AWARE ONBOARD PAYLOAD PROCESSOR MANAGEMENT 9
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because it cannot fit either in [ and [ + 1 processor.
In this case, we save two processors compared to the
Next Fit method. See Fig. 8 for this example. The
computational complexity of this algorithm is given

by O(L?).
ol IR

1 1+1 1+2 1+3 1+4

(o
0.55

Fig. 8.  Mapping bandwidth to processors using First Fit algorithm

e Best Fit algorithm: Like the First Fit algorithm,
all processors are in the order activated, but a new
item is placed on the processor with the maximum
load and does not violate the system’s constraints
described above. For the above example, W, and W5
are packed into /th and [+ 1 processors, respectively.
Then, the algorithm places W3 to the processor
with the maximum load that satisfies the system’s
constraints. For this, the [+ 1 processor has a higher
load than the lthe processor, and thus W3 is assigned
to it. Subsequently, the item Wy is placed on the
lth processor because it has the maximum load and
fulfills the system constraints. For item Wj, the
algorithm assigned it to the [ + 2 processor because
it cannot fit in the [ or [ + 1 processor. Similarly,
Wes mapped into the [ 4 3 processor. Note that beam
6 and beam 5 belong to the same group Gs7, thus
beam 6 cannot be placed in the ! + 2 processor. In
this case, we save one processors compared to the
Next Fit method. See Fig. 9 for this example. The
computational complexity of this algorithm is given
by O(L?). Hence,

gl

i I+1 142 1+3 144

Fig. 9. Mapping bandwidth to processors using Best Fit algorithm

Remarks:

e The Next Fit, First Fit, and Best Fit have a poly-
nomial complexity, thus the respective solutions can
be obtained from a computer in polynomial time.
In contrast, sequential optimization has exponential
complexity, which requires more time to obtain a
solution from a computer than Bin packing methods.
In this work, we assume 1) the number of beams
(N) equals the number of processors (L) and 2)
the bandwidth allocation per beam cannot exceed
the operating processor bandwidth B,,, which is
indicated in constraints 71 and 712. Accordingly,
the solution of the sequential optimization and the
Bin Packing methods is bounded by 1 < £ < L.

IV. SIMULATION RESULTS

This section evaluates the performance of the demand-
aware onboard payload processor management via numer-
ical simulations. For this, we consider a MEO satellite
operating at 8,063 km above the Earth. Table I provides
a summary of the key simulation parameters. In this
simulation, we compare the proposed sequential optimiza-
tion based on Branch & Bound method and Bin Packing
algorithms, such as Next Fit, First Fit, and Best Fit. For
the sequential optimization method, we simulate the fol-
lowing two scenarios. The first is sequential optimization
with Carrier contiguity (CC), as explained in Section 1.
The second scenario is when the sequential optimization
uses the Branch & Bound method without Carrier conti-
guity (WoCC). In this case, the beam can be assigned
to multiplier processors. However, beams that share a
bandwidth chunk cannot belong to the same processor.
The WoCC is obtained by removing the constraint 714
of (21) and replacing the objective function with the upper
side equation of (22).

TABLE 1
System Parameters
Parameter Value
Satellite Orbit —2.5°E
Satellite Altitude 8063 km
Number of beams (V) 20
Frequency band (f) 19 GHz (Ka)
Processor Bandwidth (Bava) 500 MHz
Noise power density (No) -204 dBW/Hz
Max. beam gain (Gmax) 37.04 dBi
User antenna gain (GRr) 39.6 dBi
Power spectral density (Sped) -78 dBW /Hz
Total available transmit power (Piota1) 158 W
Number of Processors (L) 20
beam’s demand threshold e 1 x 1075 bps
Average rainfall rate (P) 1%

A. System Response to Uniform Demand

In this section, we demonstrate how the proposed
algorithm behaves when there is a uniform demand.
Specifically, we assume a demand of D[i] = 20(a+2),V;
Mbps with an integer value of « € [1,8]. Additionally,
we average the simulation results from 400 Monte-Carlo
runs.

Fig. 10a shows the number of processors needed
to accommodate uniform beam demands. The system
requires fewer processors for low demands and many for
high demands. Hence, as the demand increases, the num-
ber of active processors increases. This is because each
beam needs more bandwidth for higher demands. Thus,
more processors are required to handle the bandwidth
of each beam. For example, 5 processors are adequate
for 60 Mbps, while 9 processors are sufficient for 100
Mbps. Similarly, 12 processors are adequate for 160 Mbps
demand. However, as the demand increases to 200 Mbps,
the system can operate with 15 processors.
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Comparison of the proposed techniques for uniform demand distribution: (a) Processors used per demand; (b) Bandwidth per

processor, for beam-demand = 200 Mbps.; (c) Number of carriers per processor, for beam-demand = 200 Mbps; (d) Processors needed to
process number of carriers for beam-demand = 200 Mbps.

In addition, Fig 10a compares the performance of the
proposed schemes in utilizing the processors in response
to the uniform beam demand. In this case, the Branch
& Bound-WoCC uses fewer processors to handle each
beam’s bandwidth. This fewer processor utilization results
from Branch & Bound-WoCC ’s ability to map bandwidth
chunks to multiple processors. However, this creates
additional overhead for the system to recombine these
chunks from multiple processors for transmission. The
Branch & Bound-CC method requires fewer processors
than Next Fit, First Fit, and Best Fit. For instance, at
100 Mbps, it uses four processors. In contrast, Next Fit,
First Fit, and Best Fit methods utilize nine,five, and five
processors, respectively. For demand below 100 Mbps and
above 200 Mbps, the First Fit, Best Fit, and the Branch &
Bound-CC methods have a similar performance. On the
other hand, the Next Fit method utilizes more processors
than the other methods. This is because the algorithm
only sees the current state of the processor and the
current bandwidth. It has no prior knowledge of the
remaining processors and bandwidth chunks. Hence, the
Next Fit has limited flexibility in mapping the bandwidth
to the processors. The Branch & Bound have flexibility in
selecting beams to assign their corresponding bandwidth
to each processor. In contrast, the Best Fit and First Fit has
processor selection freedom to map the current beam on
the given processor. Generally, it is possible to implement

the Branch & Bound method for a few beams. However,
as the number of beams increases, the computational time
for Branch & Bound may increase. Hence, the Best-Fit
approach or the First Fit approach is best to employ for
higher beams.

Fig. 10b depicts the amount of bandwidth handled in
each processor when the beam demand is 200 Mbps. The
processors’ load varies on average, with more loads in
the lowest indexed processors than the highest ones. For
example, processor 1 has more load than processor 16.
This is because all methods map the bandwidth chunks
sequentially to the processors based on their order. Hence,
the lowest indexed processors are more likely to be
checked by the algorithm, resulting in more bandwidth
handling. However, the Next Fit algorithm shows that
processors from 1 to 14 each have similar loads. This
is because once the algorithm knows a beam ¢ is unfit for
the [th processor, it closes the /th processor and begins
on the [ + 1 processor. Thus, checking each processor
for every bandwidth chunk is less likely than the other
methods. This results in slight load variations between
the processors.

With Branch & bound-CC, the performance is better
than Best Fit, First First, and Next Fit, which fits as
many beam bandwidths as possible in the order of the
processors. However, it is less efficient than the Branch
& Bound-WoCC method. Generally, having more band-
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width on a single processor results in free space on
the remaining processor. Hence, we can use this for
other applications. Similarly, Fig. 10c shows the number
of carrier frequencies handled by each processor when
each beam requests 200 Mbps. For example, in the first
processor, 8, 12, 12, 14, and 21 carriers are handled
when the Next Fit, Best Fit, First Fit, Branch & bound-
CC, and Branch & Bound-WoCC methods are applied,
respectively. Both Branch & Bound-WoCC and Branch &
Bound-CC have better performance mapping the number
of carriers to the processors than other methods.

Fig. 10d describes the processors required correspond-
ing to frequency carriers of beams for 200 Mbps. To
satisfy all beams, we have 100 carriers handled by 11
processors when the method Branch & bound-CC, First
Fit, and Best Fir are applied. In contrast, the Branch &
Bound-WoCC and Next Fit methods handle the carriers
in 4 and 20 processors, respectively. Hence, the Branch
& Bound-WoCC has better performance than other ap-
proaches. However, for practical implementation, it may
require a complex signal processing technique to com-
bine the carriers of each beam from multiple processors.
While among the other methods, the Branch & Bound-
CC method has better processor utilization. For example,
given two and six processors, the Branch & Bound-CC
method maps 27 and 71 carriers, respectively. In contrast,
the First Fit maps 23 and 65 carriers, respectively, while
Best Fit maps 22 and 64 carriers. On the other hand, the
Next Fit handles 15 and 42 carriers with two and six
processors.

Generally, all methods perform better on processor
utilization than Next Fit. For this, see Table II frequency
carriers versus processors in percent for 200 Mbps. For
example, with eight processors, Branch & bound-CC,
First Fit, and Best Fit methods can handle 88%, 83%,
and 83% of carriers, respectively. However, the Next Fit
method can only manage 56% of carries. In contrast,
Branch & Bound-WoCC can efficiently operate in 100%
cases with 5 processors.

Fig. 11 shows the computational time for all schemes.
We observe that the Branch & Bound method takes more
time than Bin Packing methods. For example, for a 100
Mbps demand, the computational time of the Branch &
Bound-CC and Branch & Bound-WoCC is 2.7 s and 1.65
s, respectively. In contrast, the computational time for
Next Fit, First Fit, and Best Fit at 100 Mbps is 2.4 ms, 3.5
ms, and 3.7 ms, respectively. Typically, the Bin Packing
method uses a heuristic approach to map bandwidth
chunks to processors. This requires less computational
time compared to the analytical optimization approach of
Branch & Bound.

Generally, the proposed algorithm takes less time to
compute, permitting us to control the payload processors
in real-time. Moreover, if timing becomes a constraint, the
proposed method can be used as a basis for an adaptive
algorithm to control the number of active processors.
This is due to a slow and continuous variation in traffic
demand as well as communication channels on a satellite-

terrestrial link. Hence, the algorithm may not be recom-
puted each time for a slight change of the parameters.
However, this is beyond the scope of this work.

TABLE II
The mapping of carriers to processors in percent for the demand of
200 Mbps
In-use Branch & Branch & . . ) .
Processors | Bound-WoCC | Bound-CC First Fit Best Fit Next Fit
1 21.0000 14.0321 11.8645 11.4067 7.7192
41.0000 272017 | 23.2662 | 225479 | 14.7655
3 61.0000 39.7845 34.4302 33.5399 21.7462
4 81.0000 51.1761 45.2476 44.2587 28.6383
5 100.0000 618064 | 555769 | 546841 | 35.5278
6 718701 | 65.2739 | 644873 | 42.2758
7 80.6718 74.5081 73.6962 48.9833
8 87.9812 82.9531 82.6344 55.5112
9 940639 | 90.6672 | 904497 | 62.0036
10 082852 | 96.6361 | 965906 | 684607
11 99.8584 99.3424 99.5498 74.8495
12 99.9874 99.9267 99.9494 81.1675
13 100.0000 | 100.0000 | 100.0000 | 87.4753
1 93.4569
15 97.5138
16 99.3778
17 99.9216
18 99.9899
19 100.0000
20

~

o o
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Fig. 11. Computational time of Branch & Bound and Bin Packing

methods for different demands.

Fig. 12 shows the performance gap* of the Bin Pack-
ing method while considering the Branch & Bound-CC
method as a baseline. The performance gap of the Next
Fit method is significantly higher than that of the First
Fit and Best Fit methods. For instance, at 100 Mbps, the
performance gap of Next Fit is 105%, whereas the per-
formance gap for First Fit and Best Fit is 10%. Generally,
since the Next Fit method has a lower computational time,
it is suitable for time-constrained scenarios at the expense
of requiring more processors. If the time constraint is not
critical, it is possible to implement the Branch & Bound-
CC method to utilize fewer processors. While a trade-off
can be achieved between the number of active processors
and computation time using the First Fit and Best Fit
methods.

4The performance gap in percent is given by
OProposed method — Branch & Bound-CC

Performance Gap = 10
Branch & Bound-CC

(23)
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B. Heterogeneous demand

In this section, we study the performance of the
proposed methods for heterogeneous demand. The traf-
fic demand can be modeled as a Poisson distribution
which follows an exponential distribution [47]. Hence,
we generate each beam demand using an exponential
distribution. The Cumulative Distribution Function (CDF)
of this distribution is provided as

F(DI) = 1 - exp(-2}1).
Here, we assume 3 and D[i] are the mean traffic demand
of the system and random variable indicating the demand
of beam i, respectively. Then, we obtain demand D]
from F(D[i]) using inverse method [48]. For this, we
generate a uniform random number F(D[i]) = x[i] in
the interval (0,1). Hence, D[i] is obtained as follows

Dli] = Blog(1 — x[i]). (25)
Accordingly, we generate three heterogeneous demand’

distributions based on the (25), which are called low,
moderate, and high demand, as shown in Fig.13.

(24)

T T T T
—E— Low Demand, mean=>60 Mbps

— B - moderate Demand, mean=>107 Mbps
— % — High Demand, mean=> 153 Mbps

500 - ¥

Demand [Mbps]

Beam ID

Fig. 13. Heterogeneous demand.

Table III shows the processor usage in case of low,
moderate, and high demand distributions. Each distri-
bution is represented in the Table by its mean value.

SNote that we use the mean demand to represent each demand distri-
bution. In the case of low demand, the mean of a demand distribution
is less than the mean of other demand distributions. In contrast, high
demand indicates that the mean of a demand distribution is higher than
that of other mean demand distributions. On the other hand, moderate
demand implies that the mean demand distribution lies between low and
high demand.

We observe that the system uses few processors when
beams have low demand while more when moderate
and high demands occur. However, the moderate demand
distribution requires fewer processors than a high-demand
distribution. The Branch & Bound-CC method has better
processor utilization than First Fit, Next Fit, and Best Fit
methods for moderate and high demand distribution. For
instance, the Branch & Bound-CC uses four processors
at moderate demand, whereas the First Fit, the Best Fit,
and the Next Fit, respectively, utilize five, five, and seven
processors. However, all the proposed methods except
Next Fit show the same performance in the case of
low demand. As expected, the Branch & Bound-WoCC
has better processor utilization than the other methods.
However, it does not support carrier contiguity, so it
cannot assign all bandwidth chunks of a beam to one
processor. Hence, it needs an additional signal processing
technique to recombine the bandwidth chunks of a beam
from multiple processors for transmission. This problem
does not occur in other methods that handle a beam’s
bandwidth chunks in a single processor.

Fig. 14a depicts the overall bandwidth of signals
carried out in each processor when the demand is high.
The processors with the lowest index values handle most
bandwidth chunks instead of those with the highest index
values. Similarly, the frequency carriers managed by each
processor are shown in Fig. 14b. The first processor
executes most frequency carriers, while other processors
handle the remaining ones. This is because the algorithm
runs sequentially to use each processor. Hence, it utilizes
the first processor before checking the next processor. Ad-
ditionally, we can see from Fig. 14c that fewer processors
handle the majority of the carriers. For example, using
only six processors, the system can deal with 94%-97%
of the carriers with the Branch & bound-CC, First Fit,
and Best Fit methods. Hence, we can save up to three
processors.

C. Arrangement of bandwidth chunks on the
processors

The following section demonstrates the distribution
of the bandwidth chunks corresponding to each beam
among the processors. Here, we consider a moderate
demand scenario, and Fig. 15 shows the arrangement of
the bandwidth chunks. Specifically, Figs 15a, 15b, and
15¢ depicts the arrangement of the normalized bandwidth
chunks of each beam on the processors for Branch &
bound-CC, First Fit, and Best Fit methods, respectively.
Each figure has a beam number, and the color indicates
the bandwidth chunk per beam. Furthermore, two or
more beams share the same bandwidth chunk represented
by the same color. For example, beams 3, 6, and 20
are represented by red color since they share the same
bandwidth chunk. Additionally, Fig. 16a and Fig. 16b
provide the arrangement of the normalized bandwidth
chunks on the processors when the system employs Next
Fit and Branch & Bound-WoCC methods, respectively.
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TABLE III

Processors used per demand

Low Demand | Moderate Demand | High Demand
Branch & Bound-WoCC 2 3 5
Branch & Bound-CC 3 4 6
Processors | First Fit 3 5 7
Best Fit 3 5 7
Next Fit 4 7 10
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Comparison of the proposed techniques for heterogeneous demand distribution: (a) Bandwidth per processor, for the high-demand

scenario; (b) Number of carriers per processor, for the high-demand scenario; (c) Processors needed to process number of carriers for the
high-demand scenario.

We observe that Branch & Bound-WoCC has a better
bandwidth arrangement compared to other methods. This
is because the method supports distributing the bandwidth
chunks of any beam to multiple processors. For instance,
beam 3, 6, and 20 in Fig 16b utilizes multiple processor.
Therefore, the flexibility to assign bandwidth chunks to
each processor increases. Hence, it utilizes fewer pro-
cessors than other methods. However, it requires more
signal processing techniques to recombine the respective
bandwidth chunks of beams. Unlike Branch & Bound-
WoCC , none of the remaining methods require additional
signal processing since the bandwidth chunks of a beam
are processed only in one processor. For example, beam
3 use only the first processor.

The Branch & Bound-CC on processor one, the Best
Fit on processor two, and the Branch & Bound-WoCC
on processor one, shown in Fig. 15a, Fig. 15¢, and Fig.
16b, respectively, have more bandwidth chunks compared

14

to the First Fit and Next Fit methods. Consequently, the
remaining processors will have more space for managing
other applications. Regarding the number of processors
utilized, the Branch& bound-CC, First Fit, and Best Fit
show similar performance. On the other hand, the Next
Fit method shown in Figl6a utilizes more processors
than other methods. Furthermore, this creates a signifi-
cant amount of unused bandwidth in each processor. In
contrast, Branch & Bound-WoCC use fewer processors
than the other methods.

V. CONCLUSIONS

We propose an approach in this paper to manage
onboard processors for high-throughput NGSO satellite
systems. For this, we develop algorithms that can flexibly
control the number of utilized payload processors in
response to the system and user requirements. Accord-

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. XX, No. XX XXXXX 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2023.3245044

T -1 ™ T T T
4L |
s o<l S o
23 20 o0
‘g Hy H
g !
o2r 19 18l
2 18*.—
i 2
1 3w]f 1 3 8
‘.-\ 10
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09 1
Normalized Bandwidth
(a)
=' T T r T 1
PR 18e_| 20 P8
i i
5, |
R 19 .
5 ! !
@
(0]
82rt 1 4
o
i i
1 3« 3 120
|
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Normalized Bandwidth
(b)
x
(0]
©
<
<}
@
8
°
o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Bandwidth
©
Fig. 15. Arrangement of bandwidth chunks on the processors: (a) Branch & Bound-CC ; (b) First Fit ; (c) Best Fit.
ingly, we formulated an optimization problem to mini- REFERENCES
mize the number of operating processors under beam ab-
straction, demand satisfaction, and processor abstraction ~ [11  B. Al Homssi, A. Al-Hourani, K. Wang, P. Conder, S. Kandeepan,

constraints.
The optimization problem is non-convex, and we
solve it in two steps. First, we design the bandwidth

J. Choi, B. Allen, and B. Moores, “Next generation mega
satellite networks for access equality: Opportunities, challenges,
and performance,” IEEE Communications Magazine, vol. 60,
no. 4, pp. 18-24, 2022.

allocation strategy. SUbsequently’ we determine the exact [2] O. Kodheli et al., “Satellite communications in the new space era:
number of processors required to accommodate this band- A survey and future challenges,” IEEE Communications Surveys
width allocation. In this context, we propose a sequential Tutorials, vol. 23, no. 1, pp. 70-109, 2021.
optimization-based Branch & Bound method and Bin  [3] D. Peng, D. He, Y. Li, and Z. Wang, “Integrating terrestrial
Packing method using Next Fit, First Fit, and Best Fit. and satellite multibeam systems toward 6g: Techniques and
challenges for interference mitigation,” IEEE Wireless Commu-
Consequently, we evaluate the performance of each of I
th d thods. A It. the B h&B d nications, vol. 29, no. 1, pp. 24-31, 2022.
T m . T ran n
Be pF(,).posed F.e (;,.S 1 s a heSu ’ e'd ahC b Oul ’ [4] H. Al-Hraishawi, H. Chougrani, S. Kisseleff, E. Lagunas, and
) est .lt, an II'SF 1t algorithms provide the best results S. Chatzinotas, “A Survey on Non-Geostationary Satellite
in flexibly managing payload processors. Systems: The Communication Perspective,” 2021. [Online].
Available: https://arxiv.org/abs/2107.05312
[5] . M. Braun and W. R. Braun, PROCESSING PAYLOAD AND
FLEXIBLE PAYLOAD, 2021, pp. 270-296.
ABDU ET AL.: DEMAND-AWARE ONBOARD PAYLOAD PROCESSOR MANAGEMENT 15

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://arxiv.org/abs/2107.05312

[6]

[7]

[8]

[91

[10]

(11]

[12]

[13]

[14]

16

This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2023.3245044

-
(=]

~ 17

Processor Index
- N W A OO N ® ©
T

0 0.1 02 03 0.4

Processor Index

0.3 0.4

0.5
Normalized Bandwidth

0.5
Normalized Bandwidth

(d)

0.6 0.7 0.8 0.9 1

0.6 0.7 0.8 0.9 1

Fig. 16. Arrangement of bandwidth chunks on the processors: (a) Next Fit ; (b) Branch & Bound-WoCC .

A. Y. Garcia, J. M. R. Bejarano, 1. Jimenez, and J. Prat, Future
Opportunities for Next Generation OBP enhanced Satellite
Payloads. [Online]. Available: https://arc.aiaa.org/doi/abs/10.
2514/6.2013-5656

J. P. Choi and V. W. S. Chan, “Optimum power and beam allocation
based on traffic demands and channel conditions over satellite
downlinks,” IEEE Transactions on Wireless Communications,
vol. 4, no. 6, pp. 2983-2993, Nov 2005.

X. P. H. Wang, A. Liu and J. Li, “Optimization of Power Allo-
cation for a Multibeam Satellite Communication System with
Interbeam Interference,” Journal of Applied Mathematics, vol.
2014, Jan 2014.

A. 1. Aravanis, B. Shankar M. R., P. Arapoglou, G. Danoy,
P. G. Cottis, and B. Ottersten, “Power Allocation in Multibeam
Satellite Systems: A Two-Stage Multi-Objective Optimization,”
IEEE Transactions on Wireless Communications, vol. 14, no. 6,
pp. 3171-3182, June 2015.

C. N. Efrem and A. D. Panagopoulos, “Dynamic Energy-Efficient
Power Allocation in Multibeam Satellite Systems,” IEEE Wire-
less Communications Letters, vol. 9, no. 2, pp. 228-231, 2020.

J. J. G. Luis, M. Guerster, 1. del Portillo, E. Crawley, and
B. Cameron, “Deep reinforcement learning for continuous
power allocation in flexible high throughput satellites,” in 2019
IEEE Cognitive Communications for Aerospace Applications
Workshop (CCAAW), 2019, pp. 1-4.

S. Liu, Y. Fan, Y. Hu, D. Wang, L. Liu, and L. Gao, “AG-
DPA: Assignment game-based dynamic power allocation in
multibeam satellite systems,” International Journal of Satellite
Communications and Networking, vol. 38, no. 1, pp. 74-83,
2020. [Online]. Available: https://onlinelibrary.wiley.com/doi/
abs/10.1002/sat. 1310

F. Li, K. Lam, X. Liu, J. Wang, K. Zhao, and L. Wang, “Joint
pricing and power allocation for multibeam satellite systems
with dynamic game model,” IEEE Transactions on Vehicular
Technology, vol. 67, no. 3, pp. 2398-2408, 2018.

P. Zhang, X. Wang, Z. Ma, S. Liu, and J. Song, “An online
power allocation algorithm based on deep reinforcement
learning in multibeam satellite systems,” International Journal

[15]

[16]

[17]

[18]

[19]

[20]

[21]

of Satellite Communications and Networking, vol. 38,
no. 5, pp. 450461, 2020. [Online]. Available: https:
//onlinelibrary.wiley.com/doi/abs/10.1002/sat.1352

. Park, H. W. Kim, D. S. Oh, and B. J. Ku, “Flexible Bandwidth

Allocation Scheme Based on Traffic Demands and Channel
Conditions for Multi-Beam Satellite Systems,” in IEEE Vehic-
ular Technology Conference, Sep. 2012, pp. 1-5.

. Hu, X. Liao, Z. Liu, S. Liu, X. Ding, M. Helaoui, W. Wang, and

F. M. Ghannouchi, “Multi-agent deep reinforcement learning-
based flexible satellite payload for mobile terminals,” IEEE
Transactions on Vehicular Technology, vol. 69, no. 9, pp. 9849—
9865, 2020.

. Cocco, T. de Cola, M. Angelone, Z. Katona, and S. Erl,

“Radio Resource Management Optimization of Flexible Satel-
lite Payloads for DVB-S2 Systems,” IEEE Transactions on
Broadcasting, vol. 64, no. 2, pp. 266280, June 2018.

. G. Ortiz-Gomez, D. Tarchi, R. Martinez, A. Vanelli-Coralli,

M. A. Salas-Natera, and S. Landeros-Ayala, “Cooperative
Multi-Agent Deep Reinforcement Learning for Resource Man-
agement in Full Flexible VHTS Systems,” IEEE Transactions
on Cognitive Communications and Networking, pp. 1-1, 2021.

P. V. R. Ferreira, R. Paffenroth, A. M. Wyglinski, T. M. Hackett,

S. G. Bilén, R. C. Reinhart, and D. J. Mortensen, “Multiobjec-
tive reinforcement learning for cognitive satellite communica-
tions using deep neural network ensembles,” IEEE Journal on
Selected Areas in Communications, vol. 36, no. 5, pp. 1030—
1041, 2018.

P. V. R. Ferreira, R. Paffenroth, A. M. Wyglinski, T. M. Hackett,

S. G. Bilen, R. C. Reinhart, and D. J. Mortensen, “Rein-
forcement Learning for Satellite Communications: From LEO
to Deep Space Operations,” IEEE Communications Magazine,
vol. 57, no. 5, pp. 70-75, 2019.

. G. Ortiz-Gomez, D. Tarchi, R. Martinez, A. Vanelli-Coralli,

M. A. Salas-Natera, and S. Landeros-Ayala, “Convolutional
Neural Networks for Flexible Payload Management in VHTS
Systems,” IEEE Systems Journal, vol. 15, no. 3, pp. 4675-4686,
Sept 2021.

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. XX, No. XX XXXXX 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://arc.aiaa.org/doi/abs/10.2514/6.2013-5656
https://arc.aiaa.org/doi/abs/10.2514/6.2013-5656
https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1310
https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1310
https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1352
https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1352

This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2023.3245044

[22] T. S. Abdu, E. Lagunas, S. Kisseleff, and S. Chatzinotas, “Carrier = [38] D. Christopoulos, S. Chatzinotas, G. Zheng, J. Grotz, and B. Ot-
and Power Assignment for Flexible Broadband GEO Satellite tersten, “Linear and nonlinear techniques for multibeam joint
Communications System,” in 2020 IEEE 31st Annual Inter- processing in satellite communications,” vol. 2012, no. 1, 2012.
national Symposium on Personal, Indoor and Mobile Radio  [39] The RF Link. John Wiley Sons, Ltd, 2008, ch. 4, pp. 51-76.
Communications, 2020, pp. 1-7. [Online]. Available: https://onlinelibrary.wiley.com/doi/abs/10.

[23] T. S. Abdu, S. Kisseleff, E. Lagunas, and S. Chatzinotas, “Lim- 1002/9780470754443.ch4
its of Smart Radio Resource Assignment in GEO Satellite [40] C. Caini, G. Corazza, G. Falciasecca, M. Ruggieri, and F. Vatalaro,
Communications,” in 2021 IEEE Wireless Communications and “A spectrum- and power-efficient ehf mobile satellite system to
Networking Conference (WCNC), 2021, pp. 1-7. be integrated with terrestrial cellular systems,” IEEE Journal on

[24] ——, “Flexible Resource Optimization for GEO Multibeam Satel- Selected Areas in Communications, vol. 10, no. 8, pp. 1315~
lite Communication System,” IEEE Transactions on Wireless 1325, 1992.

Communications, vol. 20, no. 12, pp. 7888-7902, Dec 2021. [41] M. A. Diaz, N. Courville, C. Mosquera, G. Liva, and G. E.

[25] K. An, M. Lin, J. Ouyang, and W.-P. Zhu, “Secure transmission Corazza, “Non-linear interference mitigation for broadband
in cognitive satellite terrestrial networks,” IEEE Journal on multimedia satellite systems,” in 2007 International Workshop
Selected Areas in Communications, vol. 34, no. 11, pp. 3025— on Satellite and Space Communications, 2007, pp. 61-65.
3037, 2016. [42]  “ Propagation data and prediction methods required for the design

[26] Z.Lin, M. Lin, J.-B. Wang, T. de Cola, and J. Wang, “Joint beam- of Earth-space telecommunication systems,” Recommendation
forming and power allocation for satellite-terrestrial integrated ITU-R P.618-13, 2017.
networks with non-orthogonal multiple access,” IEEE Journal ~[43] ~“ Rain height model for prediction methods,” Recommendation
of Selected Topics in Signal Processing, vol. 13, no. 3, pp. 657— ITU-R TU-R P.839-4, 2011.

670, 2019. [44]  * Characteristics of precipitation for propagation modelling,” Rec-

[27] Z. Lin, M. Lin, T. de Cola, J.-B. Wang, W.-P. Zhu, and J. Cheng, ommendation ITU-R P.837-7, 2017.

“Supporting iot with rate-splitting multiple access in satellite [45]  “ Specific attenuation model for rain for use in prediction meth-
and aerial-integrated networks,” IEEE Internet of Things Jour- ods,” Recommendation ITU-R P.838-3, 2005.
nal, vol. 8, no. 14, pp. 11123-11 134, 2021. [46] M. Grant and S. Boyd, “CVX: Matlab software for disciplined

[28] Z. Yin, M. Jia, N. Cheng, W. Wang, F. Lyu, Q. Guo, and convex programming, version 2.1,” http://cvxr.com/cvx, Mar.
X. Shen, “Uav-assisted physical layer security in multi-beam 2014
satellite-enabled vehicle communications,” IEEE Transactions 471 V. Frost and B. Melamed, “Traffic modeling for telecommuni-
on Intelligent Transportation Systems, vol. 23, no. 3, pp. 2739— cations networks,” IEEE Communications Magazine, vol. 32,
2751, 2022. no. 3, pp. 70-81, 1994.

[29] 7. Yin, N. Cheng, T. H. Luan, and P. Wang, “Physical layer secu- [48] L. Devroye, “Chapter 4 nonuniform random variate generation,”
rity in cybertwin-enabled integrated satellite-terrestrial vehicle in Simulation, ser. Handbooks in Operations Research and
networks,” IEEE Transactions on Vehicular Technology, vol. 71, Management Science, S. G. Henderson and B. L. Nelson, Eds.
no. S, pp. 45614572, 2022. Elsevier, 2006, vol. 13, pp. 83—121. [Online]. Available: https://

[30] Z. Yin, N. Cheng, T. H. Luan, Y. Hui, and W. Wang, “Green www.sciencedirect.com/science/article/pii/S0927050706130042
interference based symbiotic security in integrated satellite-
terrestrial communications,” IEEE Transactions on Wireless
Communications, vol. 21, no. 11, pp. 9962-9973, 2022. Tedros Salih Abdu (Member, IEEE) received

[31] K. Kaneko, H. Nishiyama, N. Kato, A. Miura, and M. Toyoshima, a joint M.Sc. degree in electrical engineering
“Construction of a flexibility analysis model for flexible high- from Pan African University and Jomo Keny-
throughput satellite communication systems with a digital chan- atta University of Agriculture and Technology,
nelizer,” IEEE Transactions on Vehicular Technology, vol. 67, Kenya, in 2017, and a Ph.D. degree in computer
no. 3, pp. 2097-2107, 2018. science from the Interdisciplinary Centre for

[32] Y. Kawamoto, T. Kamei, M. Takahashi, N. Kato, A. Miura, and S.ecurlty, Reliability, and Trust (SD.T)’ Univer-
M. Toyoshima, “Flexible resource allocation with inter-beam sity of Luxembourg, Luxemt.)ourg, in 2022. He
interference in satellite communication systems with a digital has .Worked as a Lecturer with th? KombOICha
channelizer,” IEEE Transactions on Wireless Communications, Institute of Techr}ology, WOH(_) L.Tnl.versny from
vol. 19, no. 5, pp. 2934-2945, 2020. 2017-201 9 and as l?gctoral Researcher with the ¥nterfllsc1plmary Centre

[33] A. L Perez-Neira, M. A. Vazquez, M. B. Shankar, S. Maleki, for Security, Reliability, and Trust (SnT), the University of Lu?(embour.g
and S. Chatzinotas, “Signal processing for high-throughput f.rom 2.019-2022’ .where h.e currentl.y holds researf:h .assomate post-

. . . - .~ ,,  tion. His research interests include wireless communication technology,
satellites: Challenges in new interference-limited scenarios, focusing on channel modeling, channel estimation, precoding, and
IEEE Signal Processing Magazine, vol. 36, no. 4, pp. 112-131, L. ? ? ?

resource optimization.
2019.

[34] B. Korte and J. Vygen, Bin-Packing. Berlin, Heidelberg: Springer
Berlin Heidelberg, 2000, pp. 407-422. [Online]. Available:
https://doi.org/10.1007/978-3-662-21708-5_18 Steven Kisseleff  (Senior Member, TEEE)

[35] E. Amyotte, Y. Demers, V. Dupessey, M. Forest, L. Hildebrand, received the M.Sc. degree in information
A. Liang, M. Riel, and S. Sierra-Garcia, “A summary of recent technology from the Technical University of
developments in satellite antennas at mda,” in Proceedings of Kaiserslautern, Germany, in 2011, and the
the 5th European Conference on Antennas and Propagation Ph.D. degree in electrical engineering from the
(EUCAP), 2011, pp. 3203-3207. Friedrich-Alexander University of Erlangen-

[36] Introducing O3b mPOWER Accessed: 2022-07. [Online]. Niirnberg (FAU), Germany, in 2017. He was
Available: https://www.ses.com/blog/introducing-03b-mpower a Research and Teaching Assistant with the In-

[37] A.Mallet, A. Anakabe, J. Sombrin, and R. Rodriguez, “Multiport- stitute for Digital Communications, FAU, from
amplifier-based architecture versus classical architecture for October 2011 to July 2018. In 2012 and 2013,
space telecommunication payloads,” IEEE Transactions on Mi-  he was a Visiting Researcher at the State University of New York at
crowave Theory and Techniques, vol. 54, no. 12, pp. 4353-4361,  Buffalo, USA, and at the Broadband Wireless Networking Lab, Georgia
2006. Institute of Technology, Atlanta, USA, respectively. In 2018, he joined

ABDU ET AL.: DEMAND-AWARE ONBOARD PAYLOAD PROCESSOR MANAGEMENT 17

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.1007/978-3-662-21708-5_18
https://www.ses.com/blog/introducing-o3b-mpower
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470754443.ch4
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470754443.ch4
http://cvxr.com/cvx
https://www.sciencedirect.com/science/article/pii/S0927050706130042
https://www.sciencedirect.com/science/article/pii/S0927050706130042

This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2023.3245044

the Interdisciplinary Centre for Security, Reliability and Trust (SnT),
University of Luxembourg, where he currently holds a research scientist
position. His research activities are mainly focused on the satellite
communications, wireless power transfer, symbol-level precoding, and
reconfigurable intelligent surfaces.

Eva Lagunas (Senior Member, IEEE) re-
ceived the M.Sc. and Ph.D. degrees in telecom-
munications engineering from the Polytech-
nic University of Catalonia (UPC), Barcelona,
Spain, in 2010 and 2014, respectively. She
was a Research Assistant with the Department
of Signal Theory and Communications, UPC,
from 2009 to 2013. In Summer 2009, she was a
Guest Research Assistant with the Department
of Information Engineering, Pisa, Italy. From
November 2011 to May 2012, she held a visiting research appoint-
ment at the Center for Advanced Communications (CAC), Villanova
University, Villanova, PA, USA. In 2014, she joined the Interdisci-
plinary Centre for Security, Reliability and Trust (SnT), University of
Luxembourg, where she currently holds a research scientist position.
Her research interests include radio resource management and general
wireless networks optimization.

Joél Grotz graduated from the Univer-
sity of Karlsruhe and the Grenoble Institute
of Technology in electrical engineering and
holds a Ph.D. degree in Telecommunications
from the Royal Institute of Technology (KTH),
Stockholm. He worked at the Technology
Labs Department at Newtec Cy in Belgium,
leading development projects and working on
modems and novel satellite transmission tech-
niques from 2012 to 2015. Currently he is with
SES Engineering working on future satellite communication projects.

Symeon Chatzinotas (Fellow, IEEE) re-
ceived the M.Eng. degree in telecommunica-
tions from the Aristotle University of Thessa-
loniki, Thessaloniki, Greece, in 2003, and the
M.Sc. and Ph.D. degrees in electronic engi-
neering from the University of Surrey, Surrey,
U.K., in 2006 and 2009, respectively. He is
currently a Full Professor/ Chief Scientist I and
the Head of the SIGCOM Research Group at
SnT, University of Luxembourg. In the past,
he was a Visiting Professor at the University of Parma, Italy, and
he was involved in numerous research and development projects for
the National Center for Scientific Research Demokritos, the Center of
Research and Technology Hellas, and the Center of Communication
Systems Research, University of Surrey. He was a co-recipient of the
2014 IEEE Distinguished Contributions to Satellite Communications
Award, the CROWNCOM 2015, 2018 EURASIC JWCN and 2022
WCNC Paper Award. He has (co)authored more than 500 technical
articles in refereed international journals, conferences, and scientific
books. He is currently on the editorial board of the IEEE Transactions
on Communications, IEEE Open Journal of Vehicular Technology, and
the International Journal of Satellite Communications and Networking.

Bjorn Ottersten (Fellow, IEEE) received
the M.S. degree in electrical engineering and
applied physics from Linkoping University,
Linkoping, Sweden, in 1986, and the Ph.D.
degree in electrical engineering from Stanford
University, Stanford, CA, USA, in 1990. He has
held research positions with the Department of
Electrical Engineering, Linkoping University,
the Information Systems Laboratory, Stanford
University, the Katholieke Universiteit Leuven,
Leuven, Belgium, and the University of Luxembourg, Luxembourg.
From 1996 to 1997, he was the Director of Research with ArrayComm,
Inc., a start-up in San Jose, CA, USA, based on his patented technology.
In 1991, he was appointed Professor of signal processing with the Royal
Institute of Technology (KTH), Stockholm, Sweden. Dr. Ottersten has
been Head of the Department for Signals, Sensors, and Systems, KTH,
and Dean of the School of Electrical Engineering, KTH. He is currently
the Director for the Interdisciplinary Centre for Security, Reliability and
Trust, University of Luxembourg. He is a recipient of the IEEE Signal
Processing Society Technical Achievement Award, the EURASIP Group
Technical Achievement Award, and the European Research Council
advanced research grant twice. He has co-authored journal papers that
received the IEEE Signal Processing Society Best Paper Award in 1993,
2001, 2006, 2013, and 2019, and 8 IEEE conference papers best paper
awards. He has been a board member of IEEE Signal Processing Society,
the Swedish Research Council and currently serves of the boards of
EURASIP and the Swedish Foundation for Strategic Research. Dr.
Ottersten has served as Editor in Chief of EURASIP Signal Processing,
and acted on the editorial boards of IEEE Transactions on Signal
Processing, IEEE Signal Processing Magazine, IEEE Open Journal for
Signal Processing, EURASIP Journal of Advances in Signal Processing
and Foundations and Trends in Signal Processing. He is a fellow of
EURASIP.

18 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. XX, No. XX XXXXX 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



	INTRODUCTION
	SYSTEM MODEL
	Satellite Payload Processor Model
	Frequency Planning Model
	Channel model

	PROPOSED DEMAND-AWARE ONBOARD PAYLOAD PROCESSOR MANAGEMENT
	Processor Abstraction
	Bandwidth Mapping
	Carrier Contiguity

	Problem Formulation
	Demand-driven Bandwidth Allocation
	Mapping Bandwidth to Processor
	Sequential Optimization method
	Bin Packing method


	SIMULATION RESULTS
	System Response to Uniform Demand
	Heterogeneous demand
	Arrangement of bandwidth chunks on the processors 

	CONCLUSIONS
	REFERENCES
	Biographies
	Tedros Salih Abdu
	Steven Kisseleff
	Eva Lagunas
	Joël Grotz
	 Symeon Chatzinotas
	 Björn Ottersten 


