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Carrier Aggregation (CA) is an integral part of current cellular networks. Its ability to enhance the peak data rate, to efficiently

utilize the limited available spectrum resources and to satisfy the demand for data-hungry applications has drawn large attention
from different wireless network communities. Given the benefits of CA in the terrestrial wireless environment, it is of great interest to
analyze and evaluate the potential impact of CA in the satellite domain. In this paper, we provide a brief introduction to the possible
CA configurations, their deployment scenarios/use cases as well as their advantages, disadvantages, and challenges. Next, the problem
of multiuser aggregation and access control design for CA in multi-beam high throughput satellite systems under practical system
constraints is presented. In particular, we propose an efficient CA design solution that gives the optimal carrier-user assignment
along with the percentage that each user exploits each carrier assuming that multiple users can be multiplexed in each carrier. Both
inter-transponder and intra-transponder CA at the satellite payload level of the communication stack are considered. We propose
a flexible carrier allocation approach for a CA-enabled multi-beam satellite system targeting a proportionally fair user demand
satisfaction. Simulation results and analysis shed some light on this rather unexplored scenario and demonstrate the feasibility of
the CA in satellite communication systems.

Index Terms—High Throughput Satellite, Carrier Aggregation, Flexible Resource Allocation, Channel Bonding, Multi-beam
Satellite, Dual Connectivity.

I. INTRODUCTION

During the last decade, satellite technology has been rapidly
growing due to the benefits that satellite communication sys-
tems can provide, such as ubiquitous broadband coverage over
a large area, wideband transmission capability, and navigation
assistance [2]. Because of these benefits, the satellite data
traffic is witnessing a phenomenal growth contributed by
the delivered telecommunication services in a wide range of
sectors such as aeronautical, maritime, military, rescue and
disaster relief [3], [4].

On the other hand, the increasing user demand for broadcast
and multicast services has evidenced significant variations
of the traffic requested by users in different geographical
locations. The latter is leading to an escalating need for flexible
satellite systems [2], where the available resources have to
be dynamically assigned according to the traffic demands.
In multi-beam geostationary (GEO) systems, the beam traffic
unbalance can be generated by mobility customers moving
across the coverage area, generating potential congestion in
certain beam areas (also known as hot-spot beams).

With the ever-increasing satellite communication traffic and
the rapidly growing demands for any time, and anywhere
access to satellite services, the satellite spectrum resources
need to be efficiently and thoroughly utilized because the
system capacity significantly depends on available satellite
resources and their utilization. Multiple studies have been
conducted from different perspectives to enhance satellite
system capacity. For instance, the works in [5], [6] propose a
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joint power and bandwidth assignment for the forward link of
a flexible geostationary (GEO) satellite system targeting the
minimization of the unmet system capacity. Both [5], [6] rely
on computationally expensive optimization techniques such
as genetic algorithms and simulated annealing method. The
satellite resource assignment is studied in [7], [8] also under
a demand-matching approach but targeting minimization of
the overall utilized resources. However, the aforementioned
works consider a complete reshuffling of the user-carrier as-
signment with every change on the traffic demand distribution.
Clearly, moving users among carriers translate into a signaling
overhead and potential connectivity issues. Alternatively, [9]
considers the joint optimization of essential satellite system pa-
rameters such as uplink and downlink satellite antenna gains,
the ground terminals’ receive gain and noise temperature, path
losses and fades, and data rates to improve resource utilization.

On a parallel avenue, carrier aggregation (CA) standardized
by 3rd generation partnership project (3GPP) emerged as a
promising technology allowing the mobile network operators
to combine multiple component carriers across the available
spectrum to extend the channel bandwidth, and hence, increas-
ing the network capabilities to respond to sudden peak data
rate requests [10], [11]. When carriers are aggregated, each
carrier is referred to as a component carrier. However, in this
paper, we use component carrier to designate any carrier of
the system. Enabling CA feature in cellular network attains
significant gains in performance through exploiting the avail-
able spectrum resources and satisfying the high throughput
demands [12]. Interestingly, CA does not only address the
spectrum scarcity and boost peak data rate satisfaction of the
users but also can maintain the system quality of service via
efficient interference management and avoidance capabilities
[13] when CA is combined with appropriate carrier assignment
[14]. While the application of CA in terrestrial scenarios has
been widely considered, its application in satellite communica-
tions is still a rather unexplored area. Recently, the application
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of CA in the satellite communications domain has received in-
terest from the European Space Agency (ESA), whose funded
project CADSAT [15] analyzed several potential scenarios
based on the market, business and technical feasibility.

Regarding the satisfaction of heterogeneous satellite user
demands, CA emerges as an attractive technique with promis-
ing potential in addressing this fundamental requirement of the
next generation of satellite systems. Owing to its competence
in offering an additional degree of freedom on resource
allocation flexibility, this paper aims to evidence the benefits
due to the adoption of CA against traditional solutions.

Channel bonding as defined in DVB-S2X standard [16] is in
many ways similar to the concept of CA. However, there are
important differences between these two schemes. In fact, CA
can be seen as an extension or improved-version of Channel
Bonding (CB), as it overcomes the limitations of the CB. More
precisely, CB is mainly designed for video broadcasting and
designed to work only under Constant Coding and Modulation
(CCM), where all the services undergo the same coding and
modulation procedure, which is a very obstructive factor for its
employment in the emerging broadband applications. On the
other hand, Adaptive Coding and Modulation (ACM) shall be
allowed in CA, such that the use of different coding schemes
between aggregated channels is possible. Furthermore, CB
is limited to adjacent bands, while CA refereed to both
contiguous and non-contiguous carriers in different spectral
bands [17], [18]. Motivated by these facts, this paper focuses
on CA to circumvent these limitations and improve system
flexibility.
Contributions: We summarize the main technical contribu-
tions of this study below.

1) Introduce and discuss the promising and practical sce-
narios for deploying CA in satellite systems. In addition
to elaborated descriptions and schematic diagrams of
each considered CA setup, the benefits, pitfalls, and
implementation complications are also highlighted.

2) Adopting CA techniques in satellite mobile communi-
cation systems have been investigated, and the effects
of intra-transponder and inter-transponder CA at the
payload level of the communication stack have been
thoroughly analyzed.

3) An efficient multi-user aggregation scheme for CA con-
sidering user achievable capacities over different carriers
has been proposed. In particular, the user-carrier asso-
ciation and optimal carrier fill-rate are obtained, where
fill-rate indicates the percentage of bits that a particular
user can utilize from a given baseband frame (of a given
carrier).

4) The performance of the proposed CA solution has been
evaluated based on its capability in minimizing the un-
met and unused capacity. Simulation results are provided
to confirm the efficacy of the proposed solution.

While this paper focuses on the user-carrier assignment
part of CA, the authors’ work in [19] presents the details on
the load balancing and scheduling design at the gateway side
when CA is enabled. In other words, [19] considers the user-
carrier assignment as given and focuses on the link layer traffic
splitting across aggregated carriers.

This paper is organized as follows. Section II provides the
system model of this study. In section III, we present the
multiuser aggregation and access control in the CA problem
statement and the proposed solution. Section IV presents the
simulation results and Section V concludes.

Notations: Boldface lower-case and upper-case letters define
vectors and matrices, respectively. R defines the real space.
Superscript (·)T denotes the transpose operation and diag(·)
puts the diagonal elements of a matrix into a vector. Operator
vec(·) stacks all the elements of the argument into a vector
and || · ||1 returns 1-norm of the argument. 1x×y defines a
vector/matrix of all one elements. Similarly, 0x×y defines a
vector/matrix of all zero elements.

II. DEPLOYMENT SCENARIOS OF CA IN MULTIBEAM
SATELLITE SYSTEM

CA in satellite systems can be differentiated based on the
deployment scenarios, e.g., (i) CA in single satellite (e.g., GEO
or Medium Earth Orbit (MEO)) scenarios or single-satellite
CA and (ii) CA in multi-satellite scenarios or inter-satellite
CA. Under the single-satellite CA, the CA will have different
configurations for mono-beam and multi-beam satellites. The
mono-beam CA in which multiple carriers cover the same
region mainly targets load balancing between transponders to
leverage underutilized spectrum and offer more bandwidth to
users with high demand. On the other hand, CA in multi-beam
satellite systems focuses on the poor coverage at the beam
edge, and increase the peak rates of edge users assuming that
one beam is congested while a neighboring beam is under-
utilizing its resources. Furthermore, under the inter-satellite
CA mode, the combination of carriers from two or more
satellites is considered. Different satellite on the same orbit and
on different orbits may be considered. For instance, a multi-
MEO CA considers the combination of carriers from two or
more satellites in MEO orbit with overlapping beams, i.e., the
user terminal belongs to the coverage of both. Another inter-
satellite CA use case is the GEO-MEO CA, which combines
carriers from a GEO and MEO satellite systems. A brief
introduction to the possible CA scenarios is given below. The
schematic descriptions of different CA scenarios is provided
in Fig. 1.

• a) Scenario-1: CA in mono-beam GEO system: Mono-
beam is usually used for broadcasting (e.g., high-
definition TV (HDTV)) and it is one of the main scenarios
that inspired channel bonding. With the adoption of CA
under this scenario, the user links can aggregate carriers
across or within transponders which might originate from
the same or different Gateways (GWs). This scenario
refers to the CA applied to a mono-beam multicarrier
system similar to SES ASTRA [20], where multiple
carriers cover the same region. This scenario targets
load balancing between transponders in a single-beam
case. Two transponders are assumed to cover the same
region. This can be done either in Frequency Division
Multiplexing (FDM) or using two polarizations (for ex-
ample, horizontal and vertical polarizations) in the same
bandwidth.



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 a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2020.3023375, IEEE Open
Journal of the Communications Society

> IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY < 3

MEO Satellite

GEO Satellite

Gateway

U1

U2

U3

U3

U1

U1

U2

GEO Satellite 1

U1 U2 U3U1

GEO Satellite 2

Satelli
te1

Satellit
e2 GEO MEO

MEO Satellite 1

U1 U2 U3U1

MEO Satellite 2

Satelli
te1

Satelli
te2

B2SL Beam1

U1 U2U3U1

Beam 2 Beam 1

Beam 1 Main Lobe

Beam 2 Main Lobe

Beam 2 Side Lobe (B2SL) Gateway

Gateway

Gateway

U1 U2

Beam 1

U1

Beam 2

U3

Beam1 Beam2

GEO Satellite

GatewayGateway

U1

U2U3

U3

U2

U1

U3

U2

U1

GEO Satellite

U3U1

Transponder 2
U1 U2

Transponder 1

U3 U1U1 U2

Transponder 1 Transponder 2

Transponder1

U1

U3

U2

Transponder2

U1

U2

U3

MEO Satellite

a) b)

c) d)

e) f)

Fig. 1. Schematic descriptions of different CA scenarios: (a) Mono-beam multi-carrier GEO system, (b) Multi-beam GEO system, (c) Single MEO satellite
system, (d) Aggregation across multi-MEO systems, (e) Aggregation across multi-GEO systems, (f) Aggregation across MEO and GEO systems.

• b) Scenario-2: CA in multi-beam GEO: CA provides
flexibility to adapt to heterogeneous traffic demands,
meaning the case where we have high-demand beams
(aka. hot beams) and low-demand beams (aka. cold
beams), by allowing the hot beams to exploit resources
from cold neighboring beams which usually happens
at the beam edge. This CA scenario focuses on the
poor coverage at the beam edge in multi-beam High
Throughput Satellite (HTS) systems. CA in this scenario
can be employed to increase the peak rates of edge users.
This scenario assumes that one beam is fully loaded while
a neighboring beam has spare capacity. In conventional
HTS, one of the main limitations is the poor coverage at
the beam edge [21]. In this context, CA could be used
to mitigate this problem by increasing the peak rates
of edge users and providing a fairer quality of service
across the coverage area. It should be noted, however,
that CA would provide limited advantage when all beams

are fully loaded, as CA cannot increase the capacity of
the system but rather provide a appropriate distribution
of the available resources.

• c) Scenario-3: CA in single MEO system: This CA
configuration considers the combination of carriers from
multiple beams belonging to the same MEO satellite
system. The aggregation may occur when beams are
adjacent or via side-lobe beams. The motivation of this
scenario is similar to the previous one, i.e. to enhance the
service within the coverage area by balancing congested
and underutilized carriers. This scenario is applicable
for instance to SES O3b mPower [22]. Due to the
relatively smaller size of the satellite antenna, the beam
patterns exhibit significant side-lobes. This allows for
aggregating transmissions from carriers over the side-
lobes of adjacent beams. However, if the MEO beams are
far apart, side-lobe gain may be limited, thereby limiting
the applicability of this particular use case.
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• d) Scenario-4: CA across multi-MEO systems: This sce-
nario focuses on combining carriers from 2 or more satel-
lites in MEO orbit. This solution can provide increased
peak rates for hot-spots by using adjacent cold (with
less demand/unused capacity) satellites. The cold satellite
carrier could go through the side lobe in case no available
antennas can be pointed directly to the aggregating user
terminal. This scenario differs from scenario 3 both in
architecture (multiple vs single satellite) as well as the
aim (high rate vs. min rate provisioning). This scenario
is particularly interesting for aeronautical and maritime
service. In order to get significant gains, the coverage
of the aggregated MEO systems need to overlap so that
sufficient signal power is received from both satellites.
Furthermore, due to the satellite movement, the propaga-
tion distance will change at any second. This will cause
dynamic imbalance and possibly constant changes which
put some challenges into the load balancing module [19].

• e) Scenario-5: CA across multi-GEO systems: The CA
configuration considers the combination of carriers from
two or more satellites in a GEO orbit. Multiple satellites
can improve the rate when bringing in multiplexing gain,
however as rain fading is close to the users, unless
the satellite orbital slots are very far apart, it is not
clear if significant gains can be achieved. Furthermore,
if aggregation happens over different orbital slots, two
different antenna dishes need to be considered at the
terminal side. All in all, GEO-GEO link aggregation is
foreseen to be marginally useful in very specific use
cases.

• f) Scenario-6: CA across different orbits: Scenario 6
combines carriers from satellite systems in different or-
bits, e.g. MEO and GEO. This is a challenging scenario,
where one or multiple satellites are in movement. The
different delay between the two systems is the major
issue. In addition, complex user terminals are foreseen
for this scenario involving different dishes. This scenario
is therefore considered as only applicable to certain cases
such as military ships, remote areas, etc. The advantage
can be for example in backhauling, where one carrier
is fixed on GEO and another one tracks MEO and
aggregated the two links in one.

Note that different CA configurations come up with some
inherent advantages and disadvantages over each other. The
complexity (at gateway and user terminal level) of imple-
mentation of different CA scenarios also varies. The business
impact from the satellite operator perspective is also an
important aspect for the success of CA in satellite systems.
Therefore, the selection of the best CA scenario in the satellite
domain is not straight-forward, and it is out of the scope of this
study. Furthermore, devising a generalized CA framework that
covers all the possible single- and multiple-satellite scenarios
may not be practical from implementation point of view as
some CA scenarios are quite different to other scenarios, for
example, single-satellite and multiple-satellite CA scenarios.
For some scenario, the system may have both static and
moving beams, i.e., the multi-satellite GEO/MEO scenario.

Therefore, a generalized CA framework is inefficient as dif-
ferent scenarios will have different sets of constraints based
on the architecture(s). Also, a generalized CA framework
will not be able to capture the inherent characteristics of
all individual scenarios. Scenario-1 and Scenario-2 seem to
be two promising CA scenarios in satellite communications.
Since both the scenarios can be captured by Scenario-2 and
Scenario-2 appears to provide a good performance-complexity
trade-off, we consider this scenario as a baseline for our study.

III. MULTIUSER ACCESS CONTROL FOR CA IN SATELLITE
SYSTEMS

A. CA overall architecture

A multi-beam GEO satellite system that employs multi-
carrier transponders is considered. In particular, we focus
on the aforementioned Scenario-2: CA in multi-beam GEO,
where both intra-transponder and inter-transponder CA can
take place. Let the total number of users in the system be
NU while the total number of carriers is NC. Each carrier has
a bandwidth of Bw MHz. A fixed number of carriers across
beams is assumed. However, the number of component carriers
may vary across beams. The carriers may be shared with
multiple users. A schematic model example of the considered
system is given in Fig. 2, where the satellite has five multi-
carrier transponders each with two carriers.

In our considered system model, the carrier assignment is
dynamic based on user traffic demand. Based on the user
demand and link budget per carrier, the user-carrier association
is determined along with the fill-rates. Instead of allowing
the users to be constantly logged-on in a single carrier (as in
conventional satellite systems), we rather consider that the car-
riers are dynamically enabled to premium terminals whenever
needed, allowing users to simultaneously operate in ≤ ∆max

carriers. However, this model implies more complexity in
terms of user traffic monitoring and reconfigurable capabilities
of the system.

CA essentially duplicates the Medium Access Control
(MAC) and Physical (PHY) layer processing for each compo-
nent carrier while keeping radio-link control (RLC) and above
identical to the non-aggregation case. In particular, the Radio
Link Control (RLC) layer provides the logical channels, and if
the carrier aggregation is enabled, the MAC layer functionality
will then split the data on multiple downlink carriers, as
illustrated in Fig. 2. More precisely, the load balancing and
Packet Data Unit (PDU) scheduler takes the single data stream
and splits the traffic across the aggregated carriers. Then,
the Generic Stream Encapsulation (GSE) blocks take the
corresponding PDUs and generates different GSE packets,
which are subsequently scheduled in the baseband frames
(BBFRAMEs). From the CA blocks shown in Fig. 2, this paper
focuses on the Multiuser Aggregation and Access Control
(MAAC) block design. Details on the Load Balancing and
Scheduler block design are provided in [19].

B. MAAC Design

This section first introduces the optimization variables and
key parameters that are employed on the definition of the
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Fig. 2. Schematic model of the CA. In this example, there are 5 multicarrier transponders, namely T1, T2, · · · , T5, each with 2 component carriers. There
can be inter-transponder CA as seen in T1 and T2 where user of T2 is served by carriers of T1 and T2 as well as intra-transponder CA as seen in T3 where
both carriers served one of its users.

MAAC design problem statement. Next, the design constraints
are provided based on the defined parameters.

Description of the main involved variables are provided
below:

• Carrier-User Binary Assignment Variable (ac,u): If carrier
c is assigned to user u, then ac,u = 1, otherwise ac,u = 0.

• Fill-rate variable (fc,u): Carrier may be shared by multi-
ple users. The fill-rate of a given user u for a given carrier
c is defined as the fraction of that carrier’s bandwidth
assigned to the given user. The fill-rate can also be seen
as the percentage of time that user u utilizes the baseband
frame of carrier c on an average during the service period.
The value of fc,u lies between 0 and 1. If carrier c is used
in full by user u, fc,u = 1. Likewise, if carrier c is used
in part by user u, then 0 < fc,u < 1. If carrier c is not
used by user u, then fc,u = 0.

• Achievable rate (rc,u): This indicates the data rate that is
achieved by user u when this operated only in carrier
c with fc,u = 1. The value of rc,u is assumed to
be perfectly know in this work, as it can be obtained
based on the channel-state information and link budget.
In particular,

rc,u = Bw[fSE(CINRc,u)], (1)

where CINRc,u denotes the Carrier-to-Interference plus
Noise Ratio (CINR) for user u at carrier c. The function
fSE maps the CINR value to appropriate spectral effi-
ciency according to the Adaptive Coding and Modulation
(ACM) schemes proposed in the DVB-S2(X) standard.

Next, the design of the MAAC block is formulated under
a demand-matching fairness criteria. First, let us define the
overall offered capacity to user u as,

su =

NC∑
c=1

fc,urc,u. (2)

The objective of the MAAC design is to satisfy the user
traffic demands, denoted as du, u = 1, . . . , NU, in a fair

manner. In particular, we opt to maximize the minimum
of su

du
, u = 1, 2, · · · , NU. Therefore, the objective of the

considered MAAC design is given by,

max
ac,u,fc,u

min
u,u=1,··· ,NU

su
du
. (3)

In the following, we list the constraints that apply to the
MAAC design:

• The maximum number of carriers that can be aggregated
by a single premium user shall be upper-bounded based
on the user terminal chip-set architecture. We can math-
ematically express this constraint as follows,

NC∑
c=1

ac,u ≤ ∆max, u = 1, 2, · · · , NU (4)

where ∆max is the maximum number of parallel streams,
i.e., carriers that the user terminal can aggregate simul-
taneously.

• The summation of bandwidths used by different users
operating on the same carrier must not exceed the carrier
bandwidth. For a carrier with bandwidth BW, this is
formulated as

∑NU

u=1 fc,uBW ≤ BW. Therefore, this
constraint can be expressed as,

NU∑
u=1

fc,u ≤ 1, c = 1, 2, · · · , NC (5)

• Ideally, we would like the user-carrier assignment to
adapt to the dynamic variations of the demand with
the minimal amount of carrier swapping to reduce the
signaling overhead and link outage/degradation. Let us
assume a system running with a given carrier assignment
at time-instant t, which has been obtained based on a
particular user traffic demand instance. At t + 1, the
user demands change, and the user-carrier assignment
needs to be updated accordingly. For instance, some high
demand users at t may request lower demand capacity
at t + 1, while some low demand users at t may now
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request higher demand capacity at t+1. Some users may
just go off while some new users may become active.
Under such demand change circumstances, the MAAC
unit needs to reconfigure the user-carrier association
as well as the fill-rates. Ideally, we would prefer to
move as fewer users as possible to minimize signaling
overhead and link outage/degradation during the carrier
swapping. Therefore, as demand changes, the user-carrier
association and fill-rates need to be re-designed such that
the difference from the previous state is minimized. The
latter is mathematically formulated as,

||vec(A(t+ 1))− vec(A(t))||1 ≤ Ω (6)

where Ω is the maximum number of changes allowed
in the subsequent carrier assignment, and ||x||1 =∑n
r=1 |xr| is the L1-norm of vector x = [x1, x2, · · · , xn].

Here, A is defined as the carrier assignment matrix, i.e.,
a binary matrix of size NC × NU with (i, j)-th element
of A, Ai,j = ai,j . A(t) denotes the carrier assignment
matrix at time-instant t.

• In general, from the complexity point of view, it is
preferable to aggregate few carriers with high fill-rate
rather than many carriers with small fill-rate. In addi-
tion, if the aggregation of a particular carrier does not
bring much gain, it may not be worth to perform the
aggregation. As a consequence, the MAAC unit should
avoid aggregating carriers whose gain or throughput is
marginal. For example, for a CA user with two carriers
with equal bandwidth, the fill-rate over one carrier can
be very small compared to the fill-rate over the second
carrier. Intuitionally, the users with high demand are
expected to perform carrier aggregation, and when there
is carrier aggregation for a given user, the fractions of
individual fill-rates compared to the overall sum-of fill-
rates should be above some given threshold. In other
words,

fc,u∑NC

c=1 fc,u
≥ Θmax, u = 1, 2, · · · , NU (7)

where 0 < Θmax ≤ 1 defines the measure of balance
between different fill-rates or the threshold. From the
constraint in (7), it is clear that for a CA user, the
maximum value of Θmax can be as high as 1/2 when
two carriers are aggregated and 1/3 when three carriers
are aggregated.

C. MAAC Design Problem Statement

Based on our system model and the constraints already
discussed, the problem can be expressed as follows,

max
ac,u,fc,u

min
u,u=1,··· ,NU

su
du

subject to C1:
∑NC

c=1 ac,u ≤ ∆max, u = 1, 2, · · · , NU,

C2:
∑NU

u=1 fc,u ≤ 1, c = 1, 2, · · · , NC,

C3: ||vec(A(t+ 1))− vec(A(t))||1 ≤ Ω

C4: fc,u∑NC
c=1 fc,u

≥ Θmax, u = 1, 2, · · · , NU

C5: ac,u ∈ {0, 1}, u = 1, · · · , NU, c = 1, · · · , NC

C6: 0 ≤ fc,u ≤ 1, u = 1, · · · , NU, c = 1, · · · , NC

(8)
Note that the constraints in the considered problem state-

ment (8) do not deliver the expected mapping between the
association indicator ac,u and the fill-rate variable fc,u. In
particular, if the output fc,u > 0, the value of ac,u shall be 1,
and if fc,u = 0, then ac,u shall be 0. To deal with this issue, we
introduce the following conditional constraints to the existing
problem statement and replacing it with C4 in (8).

C4 :

{
N1 : fc,u = 0 IF ac,u = 0

N2 : fc,u ≥ Θmax

∑NC

c=1 fc,u IF ac,u = 1
(9)

Consequently, the refined problem statement can now be
expressed as,

max
ac,u,fc,u

min
u,u=1,··· ,NU

su
du

subject to C1:
∑NC

c=1 ac,u ≤ ∆max, u = 1, 2, · · · , NU,

C2:
∑NU

u=1 fc,u ≤ 1, c = 1, 2, · · · , NC,

C3: ||vec(A(t+ 1))− vec(A(t))||1 ≤ Ω

C4 :

{
N1 : fc,u = 0 IF ac,u = 0

N2 : fc,u ≥ Θmax

∑NC

c=1 fc,u IF ac,u = 1
C5: ac,u ∈ {0, 1}, u = 1, · · · , NU, c = 1, · · · , NC

C6: 0 ≤ fc,u ≤ 1, u = 1, · · · , NU, c = 1, · · · , NC

(10)
The optimization problem in (10) is a mixed integer nonlinear
programming problem since the conditional constraint in C4
is nonlinear and the presence of both binary integer (ac,u) and
continuous variable (fc,u). In the following, a convex mixed-
integer linear programming problem is proposed which can be
solved efficiently.

IV. PROPOSED SOLUTION

In this section, an efficient formulation of the MAAC design
problem is introduced for efficient CA operation in multi-beam
satellite systems.

Note that su is an affine function of fc,u, and so is su
du

.
Therefore, min

u,u=1,··· ,NU

su
du

is concave, and maximizing the min

is convex. Hence, the objective in its current form is convex.
The optimization problem in (10) is equivalent to choosing
{ac,u, fc,u, ψ} to maximize ψ subject to an additional con-
straint su

du
≥ ψ, ∀u ∈ {1, 2, · · · , NU} . The latter can be

expressed as,

max
ac,u,fc,u,ψ

ψ

subject to C7: su ≥ ψdu, u = 1, 2, · · · , NU

(11)
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Again, since the su
du

functions are concave over fc,u, maxi-
mization of ψ is a convex optimization problem. Maximization
with either the objective in (10) or with its equivalent form
(11) will yield a solution that provides an offered capacity
proportional to the different user traffic requests in a fairness
manner. Therefore, we will obtain s1 : s2 : · · · : sNU

≈ d1 :
d2 : · · · : dNU

, i.e., the higher the demand, the higher the
offered capacity.

Note that the conditional constraint C4 in (10) is nonlinear.
The following linear constraints will linearize the nonlinear
conditional constraint.

C4 :

{
L1 : fc,u ≤ ac,u
L2 : fc,u ≥ Θmax

∑NC

c=1 fc,u − (1− ac,u)
(12)

So if ac,u = 0, then fc,u is 0 by the first constraint L1 (while
L2 has no effect). On the other hand, if ac,u = 1, L1 has
no impact while L2 prevails. Thus, (12) ensures the expected
mapping between the association indicator ac,u and the fill-
rate variable fc,u.

Incorporating (12) to (11), we obtain the following problem
statement,

max
ac,u,fc,u,ψ

ψ

subject to C1:
∑NC

c=1 ac,u ≤ ∆max, u = 1, 2, · · · , NU,

C2:
∑NU

u=1 fc,u ≤ 1, c = 1, 2, · · · , NC,

C3: ||vec(A(t+ 1))− vec(A(t))||1 ≤ Ω

C4:
{

L1 : fc,u ≤ ac,u
L2 : fc,u ≥ Θmax

∑NC

c=1 fc,u − (1− ac,u)
C5: ac,u ∈ {0, 1}, u = 1, · · · , NU, c = 1, · · · , NC

C6: 0 ≤ fc,u ≤ 1, u = 1, · · · , NU, c = 1, · · · , NC

C7: su ≥ ψdu, u = 1, 2, · · · , NU

(13)
As mentioned earlier, for the MAAC module with ∆max = 2,
the highest value Θmax can reasonably take is 0.50. If we set
the value of Θmax to be higher than 0.50, the MAAC module
in (13) will not allow CA, i.e., all the users will be assigned
with just one carrier. Thus we expect lower offered capacity
as well as degraded fairness index if Θmax is set to higher
than 0.50.

The optimization problem in (13) is a mixed-integer linear
programming problem and can be efficiently solved with
standard optimization toolbox like CVX [23].

To evaluate the fairness of the proposed solution, we make
use of the Jain’s Fairness Index proposed in [24]. In this paper,
we use the Jain’s fairness metric as a measure of how the
provided rate matches the demand at a user level. For this, we
define ζu as the ratio between the offered capacity su and the
demanded/ideal capacity du, i.e., ζu = su

du
. In this context, the

Jain’s fairness index is defined as,

JFI =

(∑NU

u=1 ζu

)2
NU

∑NU

u=1 ζ
2
u

. (14)

A totally fair MAAC design will yield JFI = 1 with
ζ1 = ζ2 = · · · = ζNU . As the disparity increases, the fairness
decreases. The JFI is bounded between 1/NU and 1.
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Fig. 3. ESA71 beam pattern

V. SIMULATION RESULTS

The simulation set-up for evaluating the performance of CA
in a high throughput satellite system is as follows. A 71-beam
GEO satellite beam pattern provided by ESA is considered
(depicted in Fig. 3). In this framework, we extract a cluster
of 2,4 or 8 adjacent beams from the total pattern for different
simulation scenarios. The carrier bandwidth is 54 MHz. The
transmit power per beam is set to 12.24 Watt. The simulation
parameters are provided in Table. I. The proposed CA scheme
is evaluated by quantifying peak and the average rate of
the users to assess the gains concerning the system without
CA. The results presented in this section have been obtained
with the MATLAB-based software tool developed within the
context of ESA CADSAT project [25].

TABLE I
SIMULATION PARAMETERS

Satellite longitude 13◦E (GEO)
Number of carriers per beam 2
Transmit power per beam, PT 12.24 W
Number of beams, NB 2,4,8
Beam radiation pattern Provided by ESA
Downlink carrier frequency 19.5 GHz
Carrier bandwidth, BW 54 MHz
Maximum number of decoded carriers, ∆max 4

Regarding the generation of the users’ demands, du, u =
1, . . . , NU , we consider the overall average capacity of the
system C̄. The latter can be obtained as an average over all
the user present in the system of the supplied capacity when
all resources are devoted to a single user. Two types of users
are considered, namely high-demand users (or premium users)
and non-high demand users. In this paper, it is assumed that
the demand of a high-demand user is 20 times higher than the
demand of a non-high demand users, i.e. d̄HD = 20d̄NHD.
Denoting NHD and NNHD as the number of high-demand
and non-high demand users, respectively, the average demand
of non-high demand users is obtained as,

d̄NHD =
C̄

20NHD +NNHD
. (15)
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Fig. 4. Achievable offered capacity with and without CA. NB = 2, NC = 4
(2 per beam), NU = 20, ∆max = 4, Θmax = 0.20.

To generate different demand instances per users, in this
paper we opt for a uniformly random distribution between[
d̄x −∆x, d̄x + ∆x

]
, where x is used here to denote the type

of users x ∈ {HD,NHD}, and ∆x denotes the allowed
deviation from the mean. In [25], ∆x was set to d̄x/4. Unless
otherwise stated, NHD = NNHD.

One of the widely used figures of merits for resource alloca-
tion in satellite communications is the unmet capacity, which is
the total amount of demanded capacity that cannot be satisfied
with the available resources. The unmet capacity is defined
as Cunmet =

∑NU

u=1(du − su)+, where (x)+ = max(0, x).
Similarly, unused capacity is another common figure of merit
that corresponds to the sum of offered capacity across the
beams which exceeds the demanded capacity, which is defined
as Cunused =

∑NU

u=1(su − du)+. The Cunmet and Cunused

values deliver evidence of the efficiency of the proposed CA
solution.

In Fig. 4, the performance of the proposed CA solution is
evaluated in terms of its capability in enhancing the peak data
rate of the high demand users as well as in rate-matching. In
particular, a system with 2 beams with 2 component carriers
per beam and 20 users is considered. The values of ∆max

and Θmax are set to 4 and 0.2, respectively. A hot-cold beam
scenario is considered, where one of the beams has very
high demand (higher than the beam’s average capacity) while
the other beam has lower demand (lower than the beam’s
average capacity). The hot-cold beam scenario is generated
by distributing > 50% in the geographical coverage of one of
the beams. Without CA, certain users belonging to the hot-
beam do not receive enough supplied capacity to satisfy their
demand. Most important, without CA, the hot-beam cannot
exploit the underutilized resources of the cold beam. On the
other hand, the proposed solution for CA not only is able to
offer the requested capacity but also opts to treat all the users
as fairly as possible. With CA, the hot beam can utilize the
resources of the cold beam to serve its users.

The overall system unmet and unused capacity is evaluated
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Fig. 5. Unmet vs. unused capacity comparison between satellite systems
without CA (top) and with CA (bottom). The users are sorted based on their
demands.

in Fig. 5 for systems with and without CA. A system with 8
beams (4 beams are configured as cold beams while the re-
maining beams are configured as hot beams) with 2 component
carriers each and 294 users is considered for this experiment.
30% of users are high demand users while 70% of the users are
in the hot beams. The values of ∆max and Θmax are set to 4
and 0.20, respectively. Fig. 5-top shows the unused and unmet
capacity without CA and rate-matching while Fig. 5-bottom
depicts the performance with CA along with our proposed
rate-matching solution. It is evident from the comparisons in
Fig. 5 that the proposed CA solution performs exceptionally
well in utilizing the satellite resources, i.e., in reducing the
unmet and unused capacity. In this current evaluation, the
total demand in the system is 4.291 Gbps. The unmet and
unused capacity without CA is 1.157 Gbps and 1.609 Gbps,
respectively. On the other hand, the unmet and unused capacity
with CA is 78 Mbps and 0 Mbps, respectively. Note that
in the case of the system without CA, the available satellite
capacity was assigned proportionally among the users based
on their demand. As the objective of our proposed MAAC for
CA is to maximize the rate matching, the total offered with
the proposed CA is lower than that without CA. However,
the amount of unmet and unused capacity with the proposed
solution is much smaller than that without CA. Without CA,
the unused capacity is higher for the low demand users while
the high demand users have a relatively higher unmet capacity.
While with CA, the unused/unmet capacity remains very low
for all the users.

Next, the evolution of useful supply, unmet and unused
capacity is evaluated in Fig. 6 for an increasing overall system
demand. The system considers 2 beams with 2 component
carriers per beam and a total of 25 users. The values of ∆max

and Θmax are set to 4 and 0.2, respectively. The different
demand instances are generated scaling up and down the
ratio of the number of high demand users to the number
of low demand users. It can be seen that for overall lower
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demand as compared to the average offered capacity, the users’
demands can be easily satisfied, however, it gives rise to
unused capacity. As the demand increases, the offered capacity
keeps increasing until it reaches up to the level of average
offered capacity of the system. For demands higher than what
the system can offer, the useful offered capacity remains the
same. On the other hand, as demand increases, the unused
capacity keeps decreasing, and at one point it goes down to
zero and remains the same. However, when the demand goes
above what the system can deliver on an average, the satellite
system has the unmet capacity, and it keeps increasing as the
demand increases.

Next, we study the impact of the constraint C3 in limiting
the number of user-carrier changes in response to a demand
change. In Fig. 7, we show how the proposed CA solution
reacts to changes in user demands depending on different
values of Ω in C3 of (13) considering two different demand

profiles. A system of 2 beams and 20 users is considered.
Subplot-1 (on top) belongs to demand profile 1 and the
remaining subplots 2 to 4 (below subplot-1) in Fig. 7 belong
to demand profile 2. Under demand profile 1, users indexed
with 1 to 10 are high demand users while the remaining users
have lower demands. Under demand profile 2, some of the
high demand users (indexed with 5 to 10 in demand profile
1) become low demand users while some low demand users
(indexed with 11 to 15 in demand profile 1) become high
demand users. Therefore, demand profile 2 (demand at time
instant t+ 1) can be treated as the time evolution of demand
profile 1 (demand at time instant t). It can be observed that,
when the demand changes and the value of Ω is low, the
resulting demand-offered matching is poor. However, when we
relax the constraint with higher values of Ω, the rate-matching
performance improves. Hence, the subplot corresponding to
Ω = 4 in Fig. 7 exhibits the best rate-matching along with
smaller unmet and unused capacity. Therefore, the unmet and
unused capacity gradually improves, i.e., become smaller as
we increase the values of Ω. However, as we mentioned earlier,
the value of Ω needs to be traded-off with respect to the
tolerable signaling overhead resulting from multiple carrier
swapping.

In the following, we study in more detail the number of
aggregated carriers per user under different scenarios. In par-
ticular, Fig. 8 shows results for a system with 2, 4 and 8 beam
system and considering 100 different demand realizations.
Fig. 8a depicts the number of users that are carrier-aggregated
with at least 2 carriers in three different system configurations.
The straight lines define the average number of CA users.
It can be observed that the number of CA users fluctuates
marginally for a smaller system while the number fluctuates
greatly as the dimension of the system increases. The only
reason for that is that the bigger the cluster the more intra-
/inter-beam CA occurs, as the ratio of the number of users with
a higher demand to the number of users with lower demand is
the same in all the systems with the varying number of beams.

Fig. 8b shows the maximum number of aggregated carriers
per user. From Fig. 8b, it is evident that the users rarely
aggregate 4 carriers (even when they are allowed to). For
the system with 2 beams and 30 users, most of the time,
the maximum number of carriers aggregated by a CA is 2.
There are very few demand realizations where the maximum
number of carriers aggregated is 3. As the number of beams
and users increase, the frequency of aggregating 3 carriers
increases. For a system with 8 beams and 120 users, there are
only 2 demand realizations out of 100 when a maximum of 4
carriers are aggregated. Finally, Fig. 8c presents the number
of CA users that aggregate the maximum number of carriers.
It can be observed that, for the system with 2 beams and 30
users, the number of users performing carrier aggregation with
3 carriers is 1 in all the demand realizations with the maximum
number of carriers aggregated equal to 3. For the system
with 4 beams and 60 users, the number of users performing
carrier aggregation with 3 carriers is 1 to 2 in all the demand
realizations with the maximum number of carriers aggregated
equal to 3. On the other hand, for the system with 8 beams and
120 users, the number of users performing carrier aggregation
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carriers per beam), NU = 120.

with 3 carriers is 1 to 5 in all the demand realizations with
maximum number of carriers aggregated equal to 3, and the
number of users performing carrier aggregation with 4 carriers
is 1 in all the demand realizations (only 2 realization as seen in
Fig. 8b) with maximum number of carriers aggregated equal to
4. Therefore, the average numbers quantified in Fig. 8c mainly
corresponds to aggregation of 2 carriers for the system with 2
beams and 3 carriers for the system with 4/8 beams.

In Fig. 9, we analyze the impact of the maximum number
of carriers allowed for CA user (∆max) and the impact of the
balancing thereshold among fill-rates (Θmax) on the overall
system performance. A system of 8 beams, 2 component
carriers per beams and 120 users is considered. Fig. 9 depicts
the impact of ∆max on the overall capacity of a CA system.
Note that ∆max = 1 defines a non-CA satellite system. Note
that there is a decrease in the offered capacity when ∆max in
increases from 1 to 2, i.e., the non-CA system has an overall
higher offered capacity. However, it is important to note that
in a non-CA system, the users cannot aggregate carriers, and
the users associated with a given beam are served over the
carriers primarily linked to the given beam. Typically, the users

Fig. 10. Jain’s fairness Index of the proposed MAAC design. NB = 2,
NC = 4 (2 per beam), NU = 25, ∆max = 4.

get higher capacity when they are served by their own beams
because of relatively higher SNRs compared to when they are
served by neighboring beams. Therefore, in a non-CA system,
although the overall offered capacity is higher, the amount of
unmet/unused capacity is also higher. On the other hand, in
a CA-based satellite system, although the offered capacity is
slightly lower than the non-CA system, the peak rate of the
users is improved, the fairness among the users in the system
can be established, and more importantly, the amount of unmet
as well as unused capacity is reduced. The most important
feature to note is that allowing users to aggregate more than
two component carriers does not add significant gain to the
system performance. The offered capacity remains almost flat
with varying ∆max. In Fig. 9, we analyze the impact of Θmax

on the offered capacity. Favorably, the offered capacity is not
affected much as the value of Θmax is increased. The proposed
CA solution is flexible enough to offer similar performance
even when the imposed fill-rate constraint (Θmax) is tight.

Fig. 10 evaluates the Jain’s Fariness Index as defined in (14)
for different values of Θmax. The results consider a system
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composed of 2 beams, 2 component carriers per beams and
25 users. The value of ∆max is set to 4. For each value
of Θmax, 200 different demand realizations are shown. The
results reveal that the proposed CA solution is extremely fair in
all situations and the Jain’s fairness index is very satisfactory.
For lower values of Θmax, the Jain’s fairness index remains
very stable over different demand realizations. For higher
values of Θmax, although the fairness index fluctuates slightly
(the individual JFIs for a small number of demand realizations
may sometimes degrade, and in some cases, the JFI with
Θmax = 0.50 may go down as low as 0.984), but within a
very limited extent and the overall fairness index remains very
high. Therefore, we can conclude that lower values of Θmax

provide more flexibility to better match the demands in a fair
manner. However, as the flexibility is restricted with higher
values of Θmax, the overall fair demand-matching performance
degrades.

In order to assess the complexity of the proposed solu-
tion, we make use of the MATLAB function “timit”, which
measures the time required to run a function by running it
several times and providing the average processing time. The
experiments were carried out in an Intel(R) Core(TM) i5-
8250U CPU @1.60 GHz. Assuming a scenario with a single-
carrier per beam, Fig. 11 shows the impact of increasing the
overall number of users in the processing time for two different
scenarios with 4 and 8 beams. Clearly, the processing time
increases with the number of users, but remaining slightly
above 1 second for approximately 300 users for the 4 beam
scenario, while surpassing 2 seconds for the 8 beam scenario.
Although the numbers may scale rapidly for more beams and
more users, we can expect the processing time to be of the
order of seconds for a real system. This does not represent
a threat for the forthcoming satellite systems which will
be equipped with powerful processing units with cloud/edge
computing capabilities [26].

VI. CONCLUSIONS AND FUTURE WORKS

This paper studies the CA scheme in high throughput
satellite systems. Different CA architectures and deployment
scenarios have been presented, along with their advantages,
disadvantages as well as technical challenges. In addition, an
efficient multiuser aggregation and access control solution for
CA have been proposed, in which the optimal carrier fill-
rates and user-carrier assignment are derived. The performance

analysis of the proposed solution shows that CA can be very
useful in enhancing the peak data rate of satellite users as well
as in efficiently utilizing the available resources.

Although CA in satellite systems needs to be addressed at
different levels of the communication stack, we have limited
our focus only to system-level simulations with a PHY layer
abstraction. The future study will take the impact of RF issues,
for example, the impact of spectrum emission mask, adjacent
carrier leakage ratio, non-linear satellite channel, etc., under
consideration. Furthermore, the CA in this study is limited to
GEO satellites, in particular, a single-satellite scenario. The
feasibility and performance evaluation of CA in inter-satellite
scenario [27] as well as in other orbitals, i.e., low earth orbit
(LEO), MEO satellite systems are open research areas.

ACKNOWLEDGMENT

The authors would like to thank Dr. Stefano Andrenacci and
Dr. Joel Grotz from SES, and Nikolaos Toptsidis from ESA,
for their support and valuable discussions and suggestions
during the executions of this work.

REFERENCES

[1] M. G. Kibria, E. Lagunas, N. Maturo, D. Spano, H. Al-Hraishawi, and
S. Chatzinotas, “Carrier Aggregation in Multi-Beam High Throughput
Satellite Systems,” in 2019 IEEE Global Communications Conference
(GLOBECOM), 2019, pp. 1–6.

[2] S. K. Sharma, S. Chatzinotas, and P.-D. Arapoglou, Satellite Communi-
cations in the 5G Era. IET Digital Library, 2018.

[3] Y. Vasavada, R. Gopal, C. Ravishankar, G. Zakaria, and N. BenAmmar,
“Architectures for next generation high throughput satellite systems,”
International Journal of Satellite Communications and Networking,
vol. 34, no. 4, pp. 523–546, 2016. [Online]. Available: https:
//onlinelibrary.wiley.com/doi/abs/10.1002/sat.1175

[4] O. Kodheli et al., “Satellite Communications in the New Space Era: A
Survey and Future Challenges,” Feb. 2020, arXiv:2002.08811.

[5] A. Paris, I. Del Portillo, B. Cameron, and E. Crawley, “A Genetic
Algorithm for Joint Power and Bandwidth Allocation in Multibeam
Satellite Systems,” in 2019 IEEE Aerospace Conference, March 2019,
pp. 1–15.

[6] G. Cocco, T. de Cola, M. Angelone, Z. Katona, and S. Erl, “Radio
Resource Management Optimization of Flexible Satellite Payloads for
DVB-S2 Systems,” IEEE Transactions on Broadcasting, vol. 64, no. 2,
pp. 266–280, Jun. 2018.

[7] T. S. Abdu, E. Lagunas, S. Kisseleff, and S. Chatzinotas, “Carrier and
Power Assignment for Flexible Broadband GEO Satellite Communi-
cations System,” in 2020 IEEE International Symposium on Personal,
Indoor and Mobile Radio Communications, submitted paper.

[8] C. N. Efrem and A. D. Panagopoulos, “Dynamic Energy-Efficient Power
Allocation in Multibeam Satellite Systems,” IEEE Wireless Communi-
cations Letters, vol. 9, no. 2, pp. 228–231, 2020.

[9] J. J. Knab, “Optimum transponder gain and power for fully loaded
satellite,” IEEE Transactions on Aerospace and Electronic Systems,
vol. 51, no. 4, pp. 3470–3474, 2015.

[10] “TR 36.808, Evolved Universal Terrestrial Radio Access (E-UTRA);
Carrier Aggregation; Base Station (BS) Radio Transmission and Recep-
tion,” https://portal.3gpp.org/, accessed: 2020-06.

[11] M. Iwamura, K. Etemad, M. Fong, R. Nory, and R. Love, “Carrier
aggregation framework in 3GPP LTE-advanced [WiMAX/LTE Update],”
IEEE Communications Magazine, vol. 48, no. 8, pp. 60–67, 2010.

[12] H. S. Kamath, H. Singh, and A. Khanna, “Carrier Aggregation in LTE,”
in 2020 4th International Conference on Intelligent Computing and
Control Systems (ICICCS), 2020, pp. 135–138.

[13] H. Lee, S. Vahid, and K. Moessner, “A survey of radio resource manage-
ment for spectrum aggregation in lte-advanced,” IEEE Communications
Surveys Tutorials, vol. 16, no. 2, pp. 745–760, 2014.

[14] S. Kim, “Two-Level Game Based Spectrum Allocation Scheme for
Multi-Flow Carrier Aggregation Technique,” IEEE Access, vol. 8, pp.
89 291–89 299, 2020.

https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1175
https://onlinelibrary.wiley.com/doi/abs/10.1002/sat.1175
https://portal.3gpp.org/


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 a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2020.3023375, IEEE Open
Journal of the Communications Society

> IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY < 12

[15] “ESA CADSAT Project: Carrier Aggregation in Satellite Communica-
tion Networks,” https://artes.esa.int/projects/cadsat, accessed: 2020-06.

[16] “Digital Video Broadcasting (DVB). (2014). DVB-S2X Standard [On-
line],” https://www.dvb.org/standards/dvb-s2x, accessed: 2020-06.

[17] “NEWTEC chipsets supporting Channel Bonding,” https://www.newtec.
eu/technology/channel-bonding, accessed: 2020-06.

[18] Z. Khan, H. Ahmadi, E. Hossain, M. Coupechoux, L. A. Dasilva, and
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