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Capacity of Interference Exploitation Schemes in
Multibeam Satellite Systems

Alessandro Ugolini, Member, IEEE, Giulio Colavolpe, Senior Member, IEEE, Martina Angelone, Alessandro
Vanelli-Coralli, Senior Member, IEEE, and Alberto Ginesi

Abstract—We propose a framework, based on the combined
use of single- and multiuser detection, to jointly optimize the
achievable rates of two signals sharing the same frequency in
the forward link of a multibeam satellite system. We propose
then the application of the described framework to two different
scenarios of interest. First, we consider a uniform coverage
scenario, aimed at maximizing the average throughput per beam
in a realistic coverage condition. We compare different solutions,
based on alternative frequency reuse schemes and different
receiver strategies. We demonstrate that the use of multiuser
detection can achieve significant gains over a reference strategy
based on single-user detection. Next, we analyze a ‘“hotspot”
case, where resources are pulled from empty beams to serve a
beam with a high service demand. Also in this case, we compare
several strategies and frequency reuse schemes. We show that
the best performance is achieved by a scheme adopting 3 colors
and single-user detection.

Index Terms—Multibeam satellite channels, multiuser detec-
tion, information rate analysis, multiple access channel.

I. INTRODUCTION

Due to the explosion of the satellite services and appli-
cations experienced in the past few years, satellite operators
have to face an increasing demand for high data rates and
connectivity. In this context, satellite systems, widely adopted
for broadcast transmission, can also be used for broadband
unicast applications. A key example of this twofold use is
represented by the second generation of the digital video
broadcasting for satellite (DVB-S2) standard [1] and by its
extension (DVB-S2X) [2], which are specifically designed to
include also unicast services like, for example, internet access.

This request for high data rates has pushed the research
community towards the study of more efficient ways to exploit
the available bandwidth. The leading paradigm in the design
of satellite communication systems has historically been based
on interference avoidance. By transmitting signals that are
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separated in the time and frequency domains, it is ensured
that a simple receiver structure can effectively recover the
transmitted information. However, to provide a higher system
capacity, and hence meet the increasing requirements, the
attention of the research community has recently shifted to-
wards the interference management and exploitation paradigm.
Interference is not avoided by design any more, but a certain
amount of controlled interference is intentionally introduced
and mitigated or exploited, both at the transmitter and at the
receiver sides, by the use of specifically designed transceiver
architectures. Some examples of this change of paradigm can
be found in [3]-[5] and references therein.

In satellite systems, the growing data rate request is satisfied
by means of resource sharing, which is implemented by
adopting a multibeam system architecture allowing to reuse
the same bandwidth in different beams. In this scenario,
interference arises from beams sharing the same frequency.
Fig. 1 shows a typical 71-beam coverage of Europe, adopted
by current broadcast and unicast systems. Different frequency
reuse (FR) schemes can be used to cover the 71 beams,
originating different levels of co-channel interference. One
popular way to manage the interference in a multibeam satel-
lite system is precoding [6], which has been shown in several
studies to achieve excellent performance, from a theoretical
point of view. However, there are also some practical aspects
that need to be considered. The main problem of a practical
implementation of precoding is that the transmitter needs
the full knowledge of the channel state information, so its
applicability is limited by the way estimates of the channels
of the different interferers are obtained and fed back to the
gateway. Clearly, precoding cannot be employed when the
signals going to different beams come from different gateways.

Motivated by the aforementioned limitations, in this paper,
we analyze the forward link of a multibeam satellite system for
unicast applications, adopting different FR schemes, tackling
the problem from a different point of view with respect to
precoding. A 4-color scheme is the commonly adopted solu-
tion in most systems, as it ensures a low level of interference,
whereas the more aggressive schemes, with a lower number of
colors, ensure a more efficient usage of the bandwidth, at the
price of an increased interference, which has to be managed to
achieve the required performance. We consider the application
of an advanced receiver, based on a multiuser detector (MUD)
at the user terminals. Historically, the literature on MUD in
the context of satellite communications has been concentrated
on the study of the return link, from the user terminals to the
terrestrial base station [7]-[13], where centralized techniques



Figure 1. Typical 71-beam coverage of Europe. The numbered dots represent
the centers of the beams.

are applied at the gateway.

The continuous technological evolution, however, allows to
increase the complexity also at the user terminals, hence the
application of a MUD becomes a feasible option also in the
forward link, from the base station to user terminals. Note
that, in this scenario, we assume user terminals to be fixed,
and, hence, they can host a sufficient processing capability to
equip receiver algorithms based on advanced signal processing
techniques. Recent studies focused on a single beam [14]-
[22] have shown that a MUD can significantly improve the
detection performance when the user experiences a high level
of interference, i.e., in an aggressive FR scheme. In particular,
it was demonstrated in [14] that an advanced receiver, which
adopts a MUD when it is convenient with respect to a
classical single-user detector (SUD), can provide a very good
performance in terms of achievable information rate (IR). In
this paper, we extend the information theoretical framework
of [14] to two users receiving two co-frequency signals, and
we perform a joint evaluation of the achievable transmission
rates. Unlike previous works in the literature, our analysis,
hence, focuses on the whole system rather than on a single
beam, resulting in a more complete performance evaluation.
A system level analysis of the achievable rates has been
proposed for wireless systems in [23], and first applied to
satellite systems in [5], [24], [25]. Fig. 2 schematically shows
the forward link of a multibeam satellite system. Signals are
generated at the gateway (or at multiple gateways), then are
sent to the multibeam satellite, which then forwards the signals
to the beams on the surface of the Earth, where the user
terminals are located, represented by ellipses in the figure.

We consider two different application scenarios to test the
performance of the adopted information-theoretic framework.
These scenarios have been demonstrated to be of interest for
the satellite communications community, and they have not
been analyzed before from a system level point of view. First
of all, we focus on the maximization of the system capacity
in a uniform coverage system, that is, where all the beams
have the same FR scheme. In this scenario, the aim of our
analysis is to maximize the average throughput per beam,
and to compare the rates achievable by three alternative FR
schemes (with 4, 2, and 1 colors, denoted as FR4, FR2, and
FR1 schemes, respectively). The performance of the proposed

X

Figure 2. Forward link of a multibeam satellite system. Ellipses in the satellite
service area represent beams, where user terminals are located.

framework is compared with that of a classical SUD system,
and with a solution representing a more straightforward use
of a MUD, which, as we demonstrate, is not the optimal
solution. Unlike all previous researches, for this scenario we
adopt a realistic channel model taking into account the typical
impairments of a satellite communications scenario, i.e., real
filters and nonlinear amplifiers, and realistic power profiles.
This scenario is a generalization of that considered in [14],
where the analysis is performed from the point of view of a
single user, and under more simplified channel assumptions.
The numerical results that we compute, as will be explained
later, can be regarded as realistic performance bounds that are
achievable using the proposed framework.

A different scenario, which has recently stimulated the
interest of the satellite industry, where the proposed techniques
are applied to improve the system flexibility, rather than
to maximize the throughput, is what we call the “hotspot”
scenario: we assume to have a beam with high service request
surrounded by 6 beam with no request. We want to use the
resources of the adjacent beams to serve the central beam, in
order to meet its high throughput requirements. Also in this
case, different FR and beam coverage schemes are compared.
A similar problem has been recently studied also in [26]-
[28], using different frameworks and techniques. In this paper,
we apply our proposed framework to the same system model
adopted in [26]-[28]. It is worth pointing out that, in this
hotspot scenario, the different FR values might also represent
different configurations of a flexible system with variable
bandwidth per beam.

The paper is organized as follows. Section II introduces the
main information theoretical framework, based on the use of
a MUD and a SUD for two users sharing the same frequency.
Section III analyzes the first scenario, where the proposed
framework is applied to maximize the average throughput per
beam. Section IV refers to the “hotspot” case, where resources
from adjacent beams are used to increase the throughput of
a single beam with high service demand. Finally, Section V
concludes the paper.



II. INFORMATION THEORETICAL FRAMEWORK

We assume to be in presence of two transmitters and
two receivers, which share the same frequency bandwidth.
Transmitter 1 sends message x1(t), intended for User 1, and
Transmitter 2 sends message 22(t), intended for User 2. The
two receivers observe signals y; (¢) and y2(t), respectively. De-
pending on the adopted channel model, signals y;(t), i = 1,2,
can take into account all channel propagation effects, such as
attenuation and nonlinear distortions in addition to the additive
white Gaussian noise (AWGN). The information theoretical
analysis is general and can be applied to any channel model.
We assume that Transmitter 1 transmits with rate 2, and
Transmitter 2 transmits with rate Rs, and that all user terminals
are equipped with an advanced receiver, which is able to
perform both SUD and MUD operations.

It has been proved in [14], [15] that the achievable IR for
a single user ¢ = 1,2 on a multiple access channel (MAC) is
given by

R; <max{ls;, Ip;}, i=1,2, (D
where
(5 yiles—;) if Ry < I(x3-4;9:)
Ie = I(wi, w3-459i) — Ra—i
Ai =

if I(ws—i;y:) < R3—i < I(xz—i;yilxs)
0 if Rg—; > I(x3—s;vil;)

is the maximum rate achievable when signal 3 — ¢ can be
perfectly decoded, and

Is; = I(xi; yz)

is the rate achievable by a SUD when signal 3—: is considered
as additional noise. Using the same notation as in classical
MACs, I(x;,x3—;;y;) is the rate achievable using a MUD at
User 14 to jointly detect both received signals. I(x;;y;|z3—;),
instead, represents the rate achievable using a SUD at User ¢
to receive signal 7, assuming that the conditioning signal, 3 —1,
has already been successfully received and canceled from the
observable y;. Finally, I(x;;y;) is the rate achievable by a
SUD at User ¢« when the other incoming signal, indexed by
3 — 4, cannot be recovered.! From a practical point of view,
the rate (1) means that the MUD receiver is adopted when it is
convenient over the SUD. When the MUD receiver is adopted,
the information intended for the other user is discarded after
detection. When the SUD receiver is adopted, the other signal
is considered as additional noise. This corresponds to an
achievable rate region which differs from a classical MAC
region because it is open on one side [14].

In this paper, we further extend this idea to evaluate
the maximum rate jointly achievable by both receivers. The
resulting achievable rate region is the intersection of the
regions of the two users, each corresponding to an expression
of the form (1). An example is reported in Fig. 3. The
figure shows in red the IR achievable by User 1 and in blue
that achievable by User 2. The joint region is given by the
intersection of the two regions, which is shaded in the figure.

The other combinations can be easily derived by exchanging the roles of
the received signals and by considering User 3 — ¢ instead of User 4.
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Figure 3. Joint achievable rate region for the MUD/SUD strategy.

We are interested in maximizing the overall sum-rate of the
network (i.e., Ry + Rs) and, if more pairs of rates achieve
the maximum sum-rate, in minimizing the imbalance between
the two rates (to ensure a certain level of fairness among the
users). In the example shown, this corresponds to the green
dot, whose rate is achieved with a MUD for User 1 and a
SUD for User 2. In the rest of the paper, we will denote
this solution as the “MUD/SUD” strategy. We point out that
alternative metrics to the maximum sum-rate are possible. For
example, maximizing the fairness in serving each user would
be another interesting problem, which can be solved with the
same tools, but selecting a different working point inside the
joint achievable rate region.

The next sections study the application of the MUD/SUD
strategy to some scenarios of interest in modern multibeam
satellite applications, and compare its performance with other
alternative techniques.

IIT. SCENARIO 1: UNIFORM COVERAGE

For the first scenario, we assume a uniform distribution of
the request on the different beams. We consider a 71-beam
coverage, as that shown in Fig. 1, and we focus our analysis
on a generic pair of beams. This scenario has been preliminarly
analyzed for the first time in [5], [29].

A. System Model

We consider two beams sharing the same frequency, and we
serve one user from each beam, User 1 and User 2, respec-
tively. Fig. 4 schematically reports the adopted channel model.
Transmitter 1 transmits message () on the first beam, and
Transmitter 2 transmits message x2(t) on the second beam.
Depending on the adopted FR scheme, a significant level of
co-channel interference can arise. The aim of this scenario
is to compute the throughput of the two-beam system and
to compare different transmitter and receiver strategies. Three
different FR schemes will be applied in this section.

The terms v;;, ¢ = 1,2, j = 1,2 in Fig. 4 are complex
channel coefficients that take into account the position of
each user inside the beam and the different antenna gains.
The phases of ~;; are uniformly distributed in [0, 27)?, and

2A joint optimization of the phases is, in principle, possible. However, the
large number of considered beams makes the optimization problem unfeasible.
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Figure 4. Considered channel model for the uniform coverage scenario.

the channel coefficients are assumed to be perfectly known
at the receivers. This assumption is reasonable as long as a
good phase estimator is available. This is not a problem if
the estimate is made based on pilot symbols, present in all
standards. The signals observed by the two users are

yl(t) = 'Yi151(t) + 'YiQSQ(t) + wl(t) + Zl(t) 1=1,2, (2)

where s;(t) are the signals at the output of each transponder,
possibly different from the transmitted signals, x;(t), due
to the nonlinear transformation happening at the satellite
transponder. Signals w;(t) are complex AWGN processes with
power spectral density Ny, modeling the thermal noise of
the channel, and terms ;(¢) represent the further interference
arising from beams outside the two-beam system, modeled as
an additive Gaussian process with variance equal to the power
of the interference.? The transmitted signals are obtained as the
linear modulation of symbols belonging to classical phase shift
keying/amplitude and phase shift keying (PSK/APSK) M —ary
complex constellations, with M = 4,8, 16, 32, possibly pre-
distorted with the algorithm described in [30] and commonly
used in DVB-S2 systems. They are modulated using a root
raised-cosine pulse with roll-off factor 10%, and their symbol
rate will be selected as a scaled version of the optimized values
for a DVB-S2X system [2], according to the analysis reported
in [31]. The considered satellite channel model is that foreseen
by the DVB-S2 standard [1]. It is composed of an input
multiplexer (IMUX) filter, a high power amplifier (HPA), and
an output multiplexer (OMUX) filter, whose characteristics
are provided in [1]. Single carrier per transponder operation
and perfect timing alignment of the signals are assumed. Due
to the single carrier per transponder assumption, we found
it necessary to spend computational effort to perform our
simulations on the described realistic channel model, rather
than limiting our analysis to the linear channel and Gaussian
symbols assumptions commonly adopted in the literature.

B. Adopted Receiver Strategies

We will compare different strategies that can be applied at
user terminals. These techniques are based on the use of SUD
and MUD receivers.

SUD receiver. The strategy based on a SUD receiver is the
classical approach commonly adopted by user terminals. The
receiver only tries to demodulate the information intended for

3Each term 4;(t) approximates the sum of many contributions (the signals
intended for the other beams), each with a power which is significantly lower
than that of the useful signals. This sum of many small contributions can be
considered as Gaussian with a good approximation level.

the user, and all other signals are regarded as additional noise.
One user is served in each time slot.

Time-sharing MAC. Both transmitters serve User 1 for a
fraction « of the time interval, and User 2 for the remaining
1 — « fraction of the time interval. In this case, both received
signals contain useful information for the user, which is split
in two independent parts, each transmitted from a different
antenna, hence both have to be detected with a MUD. This
strategy represents a straightforward use of a MUD in a
multibeam satellite system.

In the time slot for which the two signals are intended for
User 4, the channel becomes a classical MAC [32]. The two
rates Ry and Ry have to be jointly selected to maximize the
sum-rate. An example of rate regions for this case is shown in
Fig. 5, where the two regions represent, respectively, the rates
achievable in the two fractions of the time slot. In the reported
example, it is assumed that the overall channel observed by
User 1 (in red) is more favorable than that observed by User 2
(in blue). It is easy to show that, on a MAC, the maximum
sum-rate achievable has the following expression

Ruac, = Iz, w25y:), i=1,2.

The problem that now arises is how to select the fraction of
time to be dedicated to each of the users. Different solutions
can be applied. Clearly, the three discussed solutions are
equivalent if and only if the two channels are identical.

o From the point of view of the overall sum-rate, the best
solution is to serve for the whole time slot the user with
the best channel (the red one in the example). This en-
sures that the maximum possible amount of information
is transmitted. However, with this solution, the other user
is not served at all. In this case, the overall sum-rate
corresponds to

Raiac best = max(Raac,1, Rvac,2) - 3)

o The simplest solution is to divide the time slot in two
equal intervals, one for each user. This choice, however,
results in a loss in the overall sum-rate if the two channels
are not identical. The overall sum-rate, in this case, is

Byiac50% = 0.5Ryac,1 + 0.5Ryac,2 -

o Another alternative solution is to allocate the time inter-
vals so that the amount of transmitted information is the
same for both users. This means that the fractions of time
must be allocated so that they are inversely proportional
to the achievable rate on each of the channels. In this
case, the overall sum-rate is

2Ryac,1 Rvac,2
Ryac,1 + Ryac,2

MUD/SUD receiver. The MUD/SUD strategy described in
Section II will be compared to the previously described al-
ternative solutions. We can prove that the MUD/SUD strategy
is always convenient with respect to the time-sharing MAC if
some completely reasonable assumptions are satisfied. A proof
to the following theorem can be found in Appendix A.

RMAC,equaI =
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Figure 5. Achievable rate regions for the time-sharing MAC.

Theorem 1. The MUD/SUD strategy, where the information
for the co-channel beam is discarded after detection, achieves
a sum-rate that is greater or equal with respect to the time-
sharing MAC strategy, where both signals are used to serve
the same user in a time division multiplexing way. This always
happens when I(xz;;y;) > I(xi;y3—i), @ = 1,2, that is, when
the channel from Transmitter i to User i is better than the
channel from Transmitter i to User 3 — i.

Discussion. The condition I(x;;y;) > I(z;;y3—:), 1 = 1,2
is totally reasonable in the scenario under consideration. In
fact, in a uniform coverage scenario as that under considera-
tion, a typical multibeam system is built in such a way that
the signal transmitted from Transmitter ¢ is intended to be
received by User i in a specific beam. Hence, the same signal,
when received by User 3 — 4, which is located in a different
beam, will experience worse propagation conditions, and its
maximum achievable rate will be lower.

We point out that cooperation between the transmitters is
needed in both the time-sharing MAC and the MUD/SUD
strategies, because a joint selection of the transmission rates is
performed in order to maximize the total sum-rate. However,
in the considered scenario, the transmitters are located at
the gateway, so this kind of cooperation is not a problem.
On the other hand, no cooperation is needed between the
ground users. To adopt the proposed strategies, the users
simply have to feed back to the gateway the amplitude of
the channel coefficients, which can be estimated by standard
techniques, and changes very slowly due to the modification of
the atmospheric conditions, and, hence, it is not critical. On the
other hand, the possible use of precoding presents significantly
more demanding channel estimation requirements, since also
the phases of the channel coefficients have to be fed back
to the transmitter in order to compute the precoding weights.
These phases, in practical systems, change in a much faster
way (due to the presence of the oscillators’ phase noise) with
respect to the amplitudes, hence the delay of this feedback can
give rise to a significant performance loss.

C. Channel Characterization

We now describe the adopted FR schemes and define a
common signal-to-noise ratio (SNR) reference. Let us define

B, = 500 MHz the reference bandwidth for the computation
of the throughput, N = NyB,. the noise power in the
considered bandwidth, and let us also assume that the available
power per beam is F;,. Notice that changing the value of B¢
would only impact the numerical values of the throughput,
not the qualitative analysis, nor the relative performance ratio
between the different techniques.

In this section, we define by SNR ™, Throughput™, R
and II({L) the SNR, throughput, symbol time, and achievable
IR per user for the FR scheme with n colors, respectively.
Moreover, we define a power profile by sorting the users
according to the power ratio between the useful signal and
the most powerful interfering signal, C'/I;. For each value of
C/I,, we report the corresponding value of C, the power of
the useful signal, and C'/I s, taking into account the residual
interference coming from the other signals. Each C'/I; value is
paired with the corresponding probability of occurrence. The
power profiles are computed as an average over the 71 beams
of the coverage, generated by realistic system simulations
performed at the European Space Agency in the framework of
the project “Optimized Transmission Techniques for SATCOM
Unicast Interactive Traffic”, and are reported in Table I, where
a quantization of C'/I; in steps of 2 dB has been adopted*. The
values of C' provided in Table I shall be intended as the most
probable signal power received by the users which experience
a certain C'/I; and they are therefore a variable contidioned to
the interference level and not related to a specific geographical
location. The actual probability density function (PDF) of the
normalized C' for each of the three scenarios is shown in Fig. 7,
where we can notice that the FR2 and FR4 schemes have
similar profiles (with a loss around 0.5 dB for the FR4 scenario
due to the amplifier back-off) and that the FR1 distribution is
about 3 dB lower due to the halving of the beam power over
the two polarizations. Note that the values reported in Table I
represent just an example of use case, and they can be affected
by the change of different parameters, such as the number of
beams and the adopted transmission bandwidth.

From the values in Table I, the amplitudes of the coefficients
~vi; and the variance of the residual interference i;(¢) in (2)
can be computed as

|yiil —\/10¢/10
g, i] =V/10(C=C/T)/10

var {i;(t)} =10(C~C/Tres)/10.

The IR can be computed by means of the Monte Carlo
technique described in [33]. If a suboptimal detector is applied,
this technique allows to compute an achievable lower bound on
the real IR, corresponding to the IR of the channel under con-
sideration when that suboptimal detector is adopted, according
to the principle of mismatched detection [34]. It is important
to understand that treating the interference as noise allows to
compute a lower bound to the (unknown) channel capacity
which is achievable with the described strategy, which does

4The values of C' in Table I have been normalized to their maximum value,
in order to ensure a fair comparison among the three FR schemes. In this way,
coefficients y;; can be regarded as attenuation factors, being always |y;;| < 1.
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Figure 7. PDF of the normalized signal power C for the three FR schemes.

not attempt to jointly detect all interfering signals. Let us
proceed with the description of the analyzed schemes, reported
in Fig. 6, where RHCP and LHCP stand for right and left hand
circular polarization, respectively.

The SNR and throughput can be expressed, for the three
considered FR schemes, as

(n)

2
Throughput™ = nTI?") [bit/s], 4)
B
SNR™ = 222 5)

Four colors scheme (FR4). Fig. 6(a) represents the bandwidth
allocation and the beam coverage for a typical four colors
scheme, the classical solution in current satellite systems.
Signals occupy half of the available bandwidth and the factors
2 in (4),(5) depend on the fact that the bandwidth assigned
to each user is half of the total available bandwidth, halving
both IR and noise power. The selected symbol rate for each
signal is 243.5 Mbaud with OMUX filters with bandwidth
250 MHz [31]. To generate the power profile, the beam is
divided into 8 regions, labeled Py, ..., Pr.

Two colors scheme (FR2). A FR2 scheme is reported in
Fig. 6(b). The two signals occupy the whole available band-

e e R

Bandwidth allocation and coverage for the FR4 (a), FR2 (b), and FR1 (c) scenarios.

width and, for an OMUX bandwidth of 500 MHz, the selected
symbol rate is 487 Mbaud [31]. The beam, in this case, is
divided in 7 regions according to the C'/I; values.

One color scheme (FR1). Fig. 6(c) shows the bandwidth
allocation and coverage for a full-frequency reuse scheme.
Notice that the same user is served by both polarizations. In
this case, the factors 2 in (4),(5) take into account that both
polarizations are used to serve the same user, doubling the IR
and halving the power per polarization. Again, the adopted
symbol rate is 487 Mbaud, and the power profile is divided
into 7 regions. We notice that this scenario experiences a much
higher level of interference than the others.

For the FR4 scheme, we have a total of 64 possible
combinations of the positions of two users in the two beams
(some of which are symmetric if we exchange the roles of
the beams). For the FR2 and FR1 schemes, instead, we have
49 possible combinations. We will evaluate the throughput
for each combination with the three strategies described pre-
viously, and then average the results to obtain the average
throughput per user with the three schemes. By observing
the power profiles in Table I, we see that the interference
observed in the FR4 case is very low, making the use of
a MUD receiver not convenient. A MUD for the two most
powerful signals, instead, can be beneficial for FR2 and FRI1.
We see that, for FR1, also the residual interference has a
significant contribution; in this scenario, a MUD for 3 or
more signals would ensure better performance but, due to the
exponentially increasing number of cases, this solution has not
been considered.

D. Numerical Results

In this section, we discuss the performance of the presented
techniques with the three FR schemes. The FR4 case with
a SUD receiver will be used as a reference to compare
the other techniques, being the solution adopted by classical
user terminals. All numerical results have been obtained by
providing a sufficient averaging over the phase values. The



Table 1
POWER PROFILES FOR THE THREE FR CASES.

o Py Py P Py Ps Ps Pr
FR4 -1.4 -2.5 -2.5 -2.8 -3.1 -2.6 -2.5 -3
C [dB] FR2 0 05 05 -1 15 2 25 -
FR1 -2.5 -3 -3 -3.5 -4 -5 -5.5 -
FR4 26 24 22 20 18 16 14 12
C/I; [dB] FR2 12 10 8 6 4 2 0 -
FR1 12 10 8 6 7 2 0 -
FR4 | 24 23 22 22 21 20 20 29.5
C/Ies [dB] | FR2 13.1 12.9 13.5 14.5 14.8 13.8 12.9 -
FR1 6.1 5.8 4.9 4.3 2.9 1.3 -0.3 -
FR4 | 0.6733 | 0.1393 | 0.0918 | 0.0555 | 0.0259 | 0.0095 | 0.0041 | 0.0005
Probability FR2 | 0.1289 | 0.1817 | 0.1773 | 0.1653 | 0.1526 | 0.1349 | 0.0593 -
FR1 | 0.0207 | 0.0591 | 0.1095 | 0.1625 | 0.2152 | 0.2736 | 0.1593 -
2 or SUDFHE - never selected by the FR2 and FR1 schemes, and this explains
T e why the FR4 curve crosses the others at high SNR. We point

2 L-MUD/SUD, opt., FR2 ——
MUD/SUD, FR1 e
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Figure 8. Throughput achievable for the MUD/SUD strategy.

presence of interfering signals other than I; has been taken
into account by adding an additional noise process with power
given by the overall power of the interfering signals, according
to the model (2). We compute the average throughput per user,
by selecting the constellation and the back-off of the HPA
which ensure the highest value for each SNR.

At the receiver, a sufficient statistic for detection is extracted
by means of oversampling at the output of a front-end fil-
ter [35]. A fractionally-spaced minimum mean square error
(FS-MMSE) equalizer is used as an adaptive filter, followed
by a symbol-by-symbol detector (single- or multiuser). This
receiver structure does not rely on any specific signal model
and, hence, it is fully adaptive. When the MUD is adopted,
the equalizer jointly operates on all the signals to be detected.

Fig. 8 reports the throughput for the MUD/SUD strategy,
that is, using a MUD when it is convenient over a SUD, for
the FR2 and FR1 schemes. The performance of this strategy
is compared with the throughput achievable when using only
a SUD in the same FR schemes, and with the reference curve
of the SUD for the FR4 scheme. We see that there is a large
SNR range in which the FR2 and FR1 solutions have similar
performance and they exhibit a significant gain around 2 dB
over the classical FR4 scheme. If we compare FR2 and FRI,
we see that the SUD receiver has similar performance in the
two cases, with the FR1 saturating earlier due to the higher
level of interference. The same behavior is observed also when
the MUD/SUD receiver is adopted. For both schemes, the
MUD starts gaining over the SUD from a SNR of 5 dB,
with a power gain of about 0.6 dB for FR1 and 0.4 dB for
FR2, at 1.5 Gbit/s. It is also worth mentioning that 32APSK is

out that these results might slightly change if higher order
constellations, like 64APSK, 128APSK and 256APSK, were
adopted. Due to the high complexity of the MUD approach, we
have not simulated these cases. However, we could reasonably
expect an improvement of the maximum throughput achievable
by all techniques, without significant changes in the relative
performance of the different strategies.

As mentioned, these results have been obtained by averaging
the throughput over all combinations of the users’ positions.
An improvement can be achieved by pairing the users in a
smarter way. We made the assumption of 100 users in each
beam, with a C/I; distribution as in Table I. We used the
Hungarian algorithm [36], which is the optimal algorithm to
solve this assignment problem, i.e., which of the users in the
second beam should be paired with each user of the first
beam to maximize the throughput. The resulting assignment
is shown in Fig. 9 for B,/N = 10 dB and the FR2 scheme. In
the figure, the dashed lines divide the users according to their
C/I, value, and the coordinates of the points denote the two
users that should transmit at the same time. Note that there is
exactly one point for each row and for each column, and that
there is a clear symmetry in the assignment. This optimization
allows to select the cases in which the MUD/SUD receiver
provides the highest advantages. The results are reported in
Fig. 8, labeled as MUD/SUD, opt., and they show a gain of
about 0.6 dB for FR2 and 0.8 dB for FR1 over the average
on all positions, at 1.5 Gbit/s.

Fig. 10 reports the throughput achievable with the time-
sharing MAC strategy. We can clearly see that the MUD/SUD
receiver leads to better performance, as also foreseen by
the theoretical analysis. Then, we notice that FR1 has a
slightly better performance than FR2 at medium SNR, but the
curves saturate earlier. We have verified that optimizing the
assignment of the users ensures some extra limited gains, but
time-sharing MAC cannot outperform the reference curve of
the FR4 scheme.

IV. SCENARIO 2: HOTSPOT

A different scenario, in which advanced techniques can be
used not to increase the system capacity or throughput, but to
improve the system flexibility, is described in this section. We
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Figure 9. Optimal assignment of 100 users in the two beams for the
MUD/SUD strategy and FR2 for P, /N = 10 dB.
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Figure 10. Throughput achievable for the time-sharing MAC.

consider a cluster of 7 beams and we assume that the central
beam of the cluster is “hot”, that is, it has a high service
requirement, while the 6 surrounding beams are “cold”, that
is, they have no service requirement at all. This is clearly an
abstraction, but it is useful to draw some conclusions on the
applicability of different techniques, involving the comparison
of different FR schemes and receiver architectures. We refer
to this scenario as to the “hotspot” scenario. The problem
of the hotspot has been tackled recently in [26], where the
authors compare alternative capacity measures for a multibeam
scenario, in [27], which takes into account the application
of code-division multiplexing, and in [28], which tackles the
problem from the point of view of precoding. The idea behind
this analysis is to draw resources, namely bandwidth and
power, from the 6 cold beams to serve users in the central
beam. It does not make sense to extend the hotspot to more
beams. In fact, the outer beams (those outside the ring of 6
beams already considered) have a very limited impact on the
central beam.

For this study, we concentrate on a cluster centered on
beam 42 of the European coverage, as shown in Fig. 11, so
that the 6 adjacent beams are numbers 30, 31, 41, 43, 49,
and 50. Our aim, in this case, is to understand the specific
behavior inside a single beam of interest, rather than an
average behavior on the whole coverage. For this reason, the
quantization of the power levels inside the beam is much
finer than in the uniform coverage scenario. For this reason,
we have a much larger number of cases to analyze, and the
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Figure 11. Cluster of 7 beams considered for the hotspot analysis.

computational complexity required to run simulations in this
scenario does not allow us to obtain results with discrete
constellations and a more realistic channel model. Hence, the
adopted channel model is a linear AWGN channel. For the
same reasons, the analysis is carried out under the assumption
of Gaussian symbols and interference (the same assumptions
adopted in [26]-[28], which is totally reasonable in a multiple
carriers per transponder scenario, as that under consideration
in this case). All beams outside the hotspot of 7 beams have
a bandwidth allocation corresponding to a 4 colors scheme.
We assume that all users are served using both polarizations,
and that the total available bandwidth is B = 500 MHz. There
are N, = 76 users in the considered beam, represented by the
squares in Fig. 11, and for each user there are N, interfering
signals coming from other beams. For each user 7, we denote
by C® the power of the signal coming from the central beam,
by N the observed noise power, and by Ij(.z), 7=1,..., Nint
the power of each of the interfering signals. We assume that
I J(’) >1 3(21 V7. Also for this scenario, the power profiles for
all users have been generated at the European Space Agency
in the framework of the project “Optimized Transmission
Techniques for SATCOM Unicast Interactive Traffic”. The full
set of data is available online at [37]. The next subsections
describe the adopted solutions.

The cases with 7 and 6 users served together, which will
be analyzed next, arise naturally from the geometry of the
problem. Clearly, there are not only 7 or 6 users in the hotspot,
but just 7 or 6 served at the same time, in a time-division
fashion.

A. Reference Scenario

The reference scenario assumes a uniform 4-color distribu-
tion on all the coverage. There is no hotspot in this case, and
each beam is assigned the same amount of resources. The level
of interference observed by the signals is very low thanks to
the adopted FR scheme. All users adopt single-user detection,
and the achievable rate for each user ¢ can be expressed as

) c@
Iy =log, [ 1+ N (6)
i int 7(2)
N® 43 I

The throughput for each user is then computed as

Throughput® = I](;)2B/4 [bit/s],
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Figure 12. Frequency reuse scheme (a) and beam coverage (b), for the
MUD/SUD with 7 users.

where the factor 2 takes into account that both polarizations
are used to serve the user, and the division by 4 is due to the
fact that, in a 4-color scheme working on two polarizations,
each user is assigned 1/4 of the available bandwidth. The
average throughput is computed by averaging the values of
Throughput(i) of all users, and it results in

Throughput(Feference) — 1 39 Gbit/s.

B. Hotspot SUD

In this scenario, the central beam is assigned also the
bandwidth of the adjacent beams, so that the bandwidth
available for the central beam is 4 times larger than in the
reference case. The 6 adjacent beams are switched off and,
for this reason, the level of interference experienced by the
signals is very low. Hence, also in this case, the users will
perform single-user detection, and we can compute the rate
achievable by each of the users as in (6), and the throughput
for each user as

Throughput® = 1?23 [bit/s], (7)

where the factor 2 again takes into account that both polar-
izations are exploited to serve the user. Finally, the average
throughput in the beam is computed by averaging the values
of Throughput(i) of all users. The average value of the
throughput over all users is

ThroughputHotspet SUD) — 5 93 Ghit /s .

C. MUD/SUD with 7 users

As in the previous scenario, also here we assign more
bandwidth to the central beam, so that its available bandwidth
is 4 times larger with respect to the reference scenario.
However, instead of switching off the adjacent beams, we use
them to serve part of the users. In particular, we assume that
the users in the inner part of the beam are served by the signal
coming from the central beam, while the users in the outer
sections of the beam are served by the signals coming from
the adjacent beams (which transmit on the same bandwidth,
with a full frequency reuse scheme). The size of these areas
is determined by looking at the values of C'/I;. The users
observing a C/I; larger than a fixed threshold belong to the
central section, the others to the outer sections. A schematic
representation of the beam coverage is reported in Fig. 12.
The values of C'/I; are much lower than those of the previous
scenario [37].

To cope with the increased interference, all users can adopt
the MUD/SUD strategy for the two most powerful signals.

After detection, the data stream intended for the other user is
discarded, as it does not carry useful information.

Let us consider the user in the central area and the outer
user whose signal has the highest level of interference for the
central user. Let us denote by x1, the signal transmitted by
the central beam with rate R;, and by y; the signal received
by the central user (user 1). Similarly, let us denote by z2
the signal transmitted by the adjacent beam with rate Ro, and
by ys the signal received by the outer user (user 2). For the
central user, we can compute the following rates:

oW +I(1)
I(z1,22591) = log, (1 - N +Z;V:12° I](_l)> ’ ®
c®
I(21;y1]x2) = log, (1 + N 4y N ]j(.l)> ’ ©
c®
I(x1;91) = log, (14—]\](1)_’_2:;\,_inlt Ij(-l)> . (10)

The rate (8) represents the rate achievable by a MUD for the
useful signal and the most powerful interfering signal. The
rate (9) is the rate achievable by a SUD in the assumption
of perfect detection of the interfering signal (which can then
be canceled), and (10) is the rate achievable by a SUD when
all interfering signals are considered as additional noise. With
similar steps, we can compute the following rates for the outer
user:

2+ c®

I(z2, w1;y2) = log, (1 ' (2)1 Nie 72) | 7 (b

2
I(xo;ya|w1) = logy [ 1+ N, (12)
; (@ ]
N@ + Zj:2 Ij
2
I(w2;y2) =logy | 1+ '
TN ¢ o@ 4y e O
(13)

Rates (8)—(13) define the joint achievable rate region for the
MUD/SUD strategy (see Section II and Fig. 3). If there are
more points of the region which maximize the sum-rate, as is
the case in the example in Fig. 3, we select the combination
which maximizes Ry and minimizes R;. The reason behind
this choice will become clear when we consider also the
signals coming from the other 5 outer beams. Again, this
corresponds to the green point in the figure.

Let us now extend the analysis to signals zp, k =3,...,7,
coming from the other 5 adjacent beams. Similarly to what
we did for user 2, we can define rates equivalent to (11)—(13)
by replacing index 2 with k.

Rates (11)—(13) define, for each user, an achievable rate
region similar to the blue region in Fig. 3. However, in this
case, we cannot jointly select the rates because R; has already
been fixed (and selected jointly with Rs). Hence, the rates Ry,
k = 3,...,7 are selected by taking the point of the border
of their region with abscissa R;. We can now motivate the
selection of the pair of rates which minimizes R;: this choice
maximizes all rates Ry, k = 2,...,7, and ensures the highest
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Figure 13. Throughput as a function of the C'/I; threshold for the inner and
outer sections in for MUD/SUD with 7 users.

possible sum-rate. The total achievable rate for a configuration
£ of 7 users is then simply computed as

7
Iy =3 R,
k=1

and the throughput for this configuration of users is expressed
as in (7). After a sufficient average on the users’ positions,
we can evaluate the average throughput for each value of
the adopted C/I; threshold, which, we remind, define the
size of the central area of the beam. The throughput as a
function of the C'/I; threshold is reported in Fig. 13, which
also shows the average throughput of the central and of one
of the outer sections. We see that the choice that maximizes
the total throughput also minimizes the difference between
the sections. We define as the throughput of this strategy the
maximum over the C'/I; threshold of the computed values,

(14)

ThroughputMUP/SUD T users) _ 5 g5 Gbit/s.

We see that the throughput increases as the threshold de-
creases, meaning that it is convenient to serve a large region
of the beam with the central signal. Notice that, however, it
is not convenient to serve the whole beam with the central
signal, as we would lose the capacity arising from the use of
the adjacent beams. To fully exploit the available resources,
there must be a share of the users, although small, which is
served by the external beams.

D. Three-color SUD

This scenario assumes a 3-color scheme on the hotspot
beams. The central beam is again divided in 7 areas, each
served by one of the beams, as reported in Fig. 14. How-
ever, unlike the previous scenarios, the interference pattern is
different. In fact, due to the 3-color scheme, the values of
interference are very low, which makes the use of a MUD not
convenient. All users, hence, will adopt a single-user receiver.
This strategy is applied also in [26], although with different
assumptions concerning the power profiles. For all users, we
will assume that the power ratio between the signal coming
from the central beam and the sum of all interfering signals
from outside the hotspot is fixed to C'/I,.s = 26 dB. This
value is computed as an average of the interference coming
from the beams which do not belong to the hotspot.
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Figure 14. Frequency reuse scheme (a) and beam coverage (b), for the 3-color
SUD.

Let us concentrate on a configuration ¢ of 7 users, one from
each section. Let us denote again by R; the rate of the signal
transmitted on the central beam, and by Ry, k = 2,...,7, the
rates of the signals transmitted by the 6 adjacent beams. The
rate achievable by the user in the central section is

o

W4+
NW + Ireg
We notice that for the central users, there are no interfering
beams inside the hotspot, and the only interference is the

residual term from outside the hotspot. For the other 6 users,
we can define the achievable rates as
7(k)

N® 418 1))
where the interference also includes the term [ g:zh, which
takes into account the presence of two other beams sharing
the same frequency inside the hotspot (see Fig. 14).

The achievable rate by configuration ¢ is simply the sum
of the 7 rates, computed as in (14), and the throughput is
computed as

Throughput!) = I}f)QB/S [bit/s] .

Ry = log, (1 +

Ry, = log, (1 +

Since in this scenario it does not make sense to define a C'/I;
value, we sort the users and define the coverage area inside the
beam according to their received power, C. After averaging on
many configurations of users’ positions, we can compute the
throughput for different values of C'. The results are reported
in Fig. 15, where we notice that, also in this case, the best
performance is achieved by serving almost the whole beam
with the central signal. The maximum value of the throughput,
for this scenario, is

Throughput <o SUD) — 9 67 Ghit /s .

E. MUD/SUD with 6 users

This scenario adopts the same assumptions on the received
power and interference as the MUD/SUD with 7 users. How-
ever, the detection strategy is different. This time, we assume
that there are only 6 users served at the same time (instead
of 7). Each of them is always served by one of the adjacent
beams. The resources of the central beam are allocated to each
of them in a time division fashion. Hence, one of the users
sees the channel as a classical MAC, where two signals are
intended for the same user. The rates of these two signals are
jointly selected to maximize the sum-rate, still choosing the
combination of rates that minimizes the rate from the central
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Figure 16. Frequency reuse scheme (a) and beam coverage (b), for the
MUD/SUD with 6 users.

beam. The other 5 users, instead, will perform exactly the same
operations as in the previous MUD/SUD scenario: they will
select their rate with a constraint on the rate of the first signal,
which is fixed. The beam coverage is reported in Fig. 16.

As already done previously, let us denote by z; the signal
transmitted on the central beam with rate R, and by xy, k =
2,...,7, the signals transmitted by the 6 adjacent beams with
rates I7j. Let us also define yy, the signal received by the user
in the k—th section of the beam. The procedure to compute the
achievable rates is schematically represented in Fig. 17, where
RgMUD) is the minimum value of the rate of the central signal
which ensures the maximum rate on the MAC for the first two
signals (the channel with the closed red region). The other 5
users, instead, can select their rates Ry, k = 3,...,7, in the
points of their open regions of abscissa REMUD). The total
sum-rate for a generic configuration ¢ of 6 users, in this case,
is computed as

7
1y = RM™ 4+ 3" Ry
k=2

The technique described so far foresees the use of optimal

Figure 17. Examples of achievable rate regions for the 6 users solution.

multiuser detection, which, however, requires that the two
streams are perfectly aligned in time (which might not always
be true). A suboptimal solution relaxing this constraint is based
on interference cancellation (IC) [38] and detection performed
by means of a SUD: the signal coming from the central beam
is detected first, and then canceled by all users. In this way,
all signals are detected by means of single-user operations and
can, in principle, work without the need of alignment of the
symbols.

To perform interference cancellation, the rates of the 6
signals from the adjacent beams have to be selected on the
horizontal borders of their regions, and have expression

Rk:I(xk§yk|x1) k:2,...,7.

To ensure that the rates Ry are achievable by all users, the
rate R; must be selected as

R{Y = min I(zi;u),
=2,...,7
as graphically represented in Fig. 17. The total sum-rate for
the generic configuration of users ¢ is

7
Iy = R{Y + 3 Ry
k=2
In both cases, the throughput for the configuration ¢ has
expression as in (7) and, after averaging over many configu-
rations of 6 users, we find that the overall throughput for this
scenario is

Throughput(MUP/SUD 6 users) _ g gg Gbit/s
for the solution adopting the MUD, and
ThroughputI-SUP 6 users) _ 6 58 Ghit /s

for the solution adopting SUD and IC.

F. Discussion

Fig. 18 reports in a single plot the results obtained with
the different strategies in the hotspot scenario. From the
comparison, we notice that all proposed solutions exhibit a
large gain with respect to the reference scenario. By comparing
the alternative strategies, we see that, with the adopted power
profiles and interference patterns, the 3-color SUD is the clear
winner, gaining about 40% over the closest alternative, with
a lower receiver complexity. If we compare the MUD/SUD
options, we see that the solution with 6 users gains about
15% with respect to that with 7 users, and that using IC and
SUD results in a loss of only 4% from the optimal MUD.
We point out that these are bounds based on the assumptions
of Gaussian inputs and linear channel. It is important to
notice that the conclusions might change in presence of a
more realistic model, including transponder nonlinearities and
discrete symbols, although we believe that the winner strategy
would remain the same. Further analyses in this direction are
object of a future study. We also underline that the objective
of this analysis has been to achieve the maximum throughput
in the central beam. However, we can notice that the optimal
solutions can result in a significantly unbalanced distribution



Figure 18. Throughput comparison of the described hotspot scenarios.

of the rates among the users in the beam. Let us consider,
for example, the 3-color SUD, whose results are reported in
Fig. 15. The maximum throughput is achieved by serving
almost the whole beam with the central signal, and the average
throughput received in the 7 sections has a similar value.
However, more users have to share the achievable throughput
in the central section with respect to the outer sections, hence
the average throughput per user will be lower in the central
section of the beam. An analysis aimed at ensuring a certain
level of fairness among the throughput of each user would
need a different optimization approach, however this was not
the target of the performed study.

V. CONCLUSIONS

We have considered advanced schemes involving the ap-
plication of multiuser detection to the forward link of a
multibeam satellite system. First of all, we have proposed an
information theoretical framework based on the combined use
of single- and multiuser detection for two co-frequency users.

We have studied the maximization of the average throughput
per beam in a typical multibeam scenario. We have compared
3 frequency reuse schemes, showing that the proposed frame-
work, together with a scheme with 1 of 2 colors, can achieve
significant performance gains with respect to a conventional
solution, based on single-user detection in a 4-color scheme.
The analysis has been carried out with a realistic channel
model and discrete constellations, so the results can be consid-
ered as reliable bounds to the performance of practical coding
schemes. Clearly, the proposed solution requires a complexity
increase of the user terminals.

Then, we have used the same framework to analyze a
hotspot scenario, where a beam with a high requirement is
surrounded by beams with no requirement. Resources from
the adjacent beams are pulled to the central beam, to increase
the system flexibility. In this case, we have demonstrated
that a 3-color scheme, together with single-user detection,
is the best solution. This analysis has been performed under
the assumption of Gaussian signals and linear channel. We
have verified that, in these conditions, the strategies involving
multiuser detection cannot provide advantages.

APPENDIX A
PROOF OF THEOREM 1

We now prove Theorem 1.

Proof: Mathematically, we want to prove that the sum-
rate R; 4+ Ry achievable by the MUD/SUD strategy is always
greater than or equal to Ryac best. defined as in (3). The proof
can be simply done graphically, by considering the possible
positions of the intersection of the achievable rate regions of
both users. Fig. 19 shows all of the possible configurations
of the capacity region of the two users. Let us analyze them
one by one, observing that the same analysis is valid for the
symmetric cases.

(a) The maximum sum-rate is achieved by using two SUDs,
so Ry + Ry = I(x1;y1) + I(22;y2). Let us suppose
that Ryac,best = RBmac,1 (the case when Ryac best =
Rniac,2 can be analyzed in the same way).

I(z1;91) + I(22;92) > Rvac,
21(371,332;91)
= I(z1;y1) + I(wosy1 1) -

This is equivalent to Ry > I(x2;y1|x1), which is clearly
satisfied when the joint rate region has this shape.

(b) The maximum sum-rate is Ry + Ry = I (21, x2; y1), which
is also equal to RMAC,best, SO the theorem is satisfied with
equality.

(c) In this case, I(x2;y2) < I(x2;y1), which is an unrealistic
condition. This situation does not satisfy the stated realistic
assumption.

(d) Also this case does not satisfy the assumption because
I(z1;y1) < I(z1592).

(e) The same happens in this case, [(z1;y1) < I(z1;y2).

(f) Here,

Ry + Ry = I(x1,22;1)
= I(z1,22;92)
= RMAC,best,

and the condition is satisfied with equality.
By analyzing every possible configuration, we have proved the
theorem in all cases in which I(x;;y;) > I(xi;y3—;), i = 1,2.
|
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