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Abstract—Non-orthogonal transmission is a promising
technology enabler to meet the requirements of the forth-
coming 5G communication systems. Seminal papers demon-
strated that non-orthogonal multiplexing techniques outper-
form orthogonal schemes in terms of capacity, latency and
user fairness. Since it is envisioned that satellites will be
an integral component of the 5G infrastructure, it is worth
studying how satellite communication systems can benefit
from the application of non-orthogonal transmission schemes
as well. Contrary to common perception, communications
through a satellite present a different architecture and face
different impairments than those in the wireless terrestrial
links. This highlights that a general overview is needed to
gain insight into the satellite payload architecture. In partic-
ular, this works aims at describing different non-orthogonal
schemes and payload architectures that are suitable for the
satellite environment. In this regard, a novel taxonomy is pre-
sented based on different multibeam transmission schemes.
Finally, guidelines that open new avenues for research in
this topic are provided.

I. INTRODUCTION

Non-orthogonal transmission schemes, such as power-
domain non-orthogonal multiple access (NOMA), may
play a pivotal role in 5G to help increasing the peak data
rate, the area traffic capacityand the spectral efficiency
[1], [2]. From the theory, it is known that in certain com-
munication channels, NOMA outperforms orthogonal
schemes, such as frequency or time division multiplex-
ing. This happens in particular in those scenarios where
there is a large imbalance among user link qualities. At
the receiver side, multiuser detection (MUD) techniques,
such as linear detection and non-linear detection based
on parallel or successive interference cancellation (SIC),
can be utilized to decode the superimposed signals.

In parallel to the 5G evolution, the ever growing
demand for high data throughput has triggered research
efforts to improve the spectral efficiency of satellite
communications. Very high or high throughput satel-
lites (V/HTS) [3] are emerging satellite solutions that
highly demand such spectral efficiency improvements.
These systems deploy multiple beams that tessellate the
coverage area in small beam footprints; thus, allowing
frequency reuse across the coverage area. By adopting
three or four frequency reuse schemes among beams
it is practically guaranteed certain level of isolation
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between co-channel beams. In this way, the interference,
which comes from neighboring beams operating at the
same frequency, is significantly lower than the desired
signal. Therefore, the user terminals can apply single
user decoding (SUD), which entails treating inter-beam
interference as noise, without significant performance
degradation. With the aim of lowering the cost per bit/s
and increasing the spectral efficiency or the available
system bandwidth, new systems foster more aggressive
frequency reuse and thus, the inter-beam interference
increases. To tackle this increase of the interference
levels, existing satellite standards, such as the digital
video broadcasting over satellite (DVB-52X), have in-
cluded provisions for implement multibeam precoding
techniques in the forward link, which use the knowledge
of the users’ channels at the transmitter in order to
precompensate for the interference.

It is envisioned that the role of satellites will be
crucial in the forthcoming 5G networks to increase the
availability in underserved areas. Hence, analogously
to terrestrial communications, it is deemed necessary
to study if implementations of non-orthogonal trans-
mission techniques can further increase the spectral ef-
ficiency of satellite communications. In this article we
aim at benefiting from the penetration of non-orthogonal
schemes in 5G to study satellite schemes with shared
time-frequency resources. However, the work presented
is not limited to conventional NOMA but explores differ-
ent non-orthogonal transmission techniques suitable for
the downlink of multibeam satellite systems. Concerning
the practical aspects, it is worth emphasizing that the
satellite payload is equipped with a multiplicity of feeds,
which allow simultaneously serving different spot beam
areas on the ground. Typical multibeam architectures do
not support power sharing, which implies that each feed
has its own power budget. Therefore, the peculiarities
of multibeam satellite communications call for specific
transmission strategies, precoding techniques and ulti-
mately, new network resource allocation strategies. It
is worth mentioning that there are papers that review
precoding techniques in multibeam satellites [4]. On the
contrary, there is not already an appropriate tutorially-
oriented article that encompasses non-orthogonal trans-
mission techniques beyond precoding and NOMA that
account for the unique characteristics of satellite com-
munications. With this aim, this article introduces an
overview taxonomy based on different multibeam trans-
mission schemes.



Fig. 1: Different interfering satellite architectures in the case of four isolated beams with at most two simultaneous
users per beam: a) 4-colour frequency reuse; b) 2-colour frequency reuse; c) Full frequency reuse.

The rest of the article is organized as follows: Section
IT presents the basic idea behind NOMA and lays out the
different non-orthogonal transmission schemes that arise
in the satellite multibeam architecture. Next, Section III
explains how non-orthogonal transmission schemes can
be integrated with precoding in order to notably improve
spectral efficiency in a realistic environment with full
frequency reuse, whenever there is full channel state
information at transmission (CSIT). Finally, Section IV
draws some conclusions and outlines further research
directions.

II. REFERENCE SCHEMES OF NON-ORTHOGONAL
TRANSMISSION TECHNIQUES IN V/HTS

To briefly introduce NOMA, we focus the attention
on its simplest form that serves two users by employ-
ing power-domain multiplexing [2]. One of the users
receives a markedly stronger signal than the other. The
other user is referred to as the weak user, which can
be, for instance, closer to the edge of the beam, or
equipped with a smaller receiving antenna. In NOMA,
this asymmetry is usually harnessed by assigning more
transmit power to the weak user. As for the decoding
strategy, the weak user recovers the corresponding mes-
sage by treating the interference as noise with SUD,
while the strong user can recover the desired message by
resorting to MUD strategies. That is, the user receives the
interference strong enough so that it can be decoded first,
and then performs SIC to recover the desired message.

Bearing in mind the potential of NOMA, this article
describes different forms of non-orthogonal transmis-
sion that can be applied in diverse satellite multibeam
schemes or architectures, which are sketched in Figure 1.
That is, we extend the current notion of NOMA in order
to incorporate additional transmission and receiver op-
erations which are beneficial for the multibeam satellite
system scenario. The multibeam nature of the satellite
opens a range of possible non-orthogonal transmission
schemes, which, to the authors’ knowledge, is the first
time that they are systematically studied within the
satellite context. For the sake of clarity in the exposition,
Figure 1 isolates just four beams among the possible K
beams in a V/HTS geostationary orbit (GEO) satellite.

The satellite has a transparent payload, i.e., all the pro-
cessing is done at the gateway. In this section, we will
discuss the design issues in unicast transmission for non-
aggressive and aggressive frequency reuse schemes.

A. Non-aggressive frequency reuse among beams

First, we refer to Figure 1a, which draws a perfect anal-
ogy between one satellite beam and one terrestrial cell.
In this case, satellite communications can directly benefit
from the theory developed in the wireless terrestrial
NOMA framework. Figure la represents the situation
when the frequency reuse among beams is not very
aggressive (e.g. by adopting three or four frequencies),
which paves the way to applying NOMA on a per beam
basis. Note that, within a single beam, NOMA can be
envisaged as long as there is a significant signal-to-noise
ratio (SNR) imbalance among users [3]. In GEO satellite
the near-far problem of terrestrial network does not exist.
In a terrestrial network the difference in received power
could reach 20-30 dB. Such variation typically does not
exist in GEO satellite. However, there are two cases that
is worth exploring: i) very low Earth orbit where the
difference in path and antenna gain could be very large
and ii) non-homogeneous user equipment. In GEO satel-
lite communications, the SNR imbalance appears when
distinct classes of user terminal are deployed. Namely,
user terminals with different receiving antenna gains,
which includes the scenario of fixed satellite services in
coexistence with aeronautical or vehicular users that are
connected via satellite [5], [6].

For what concerns the satellite air-interface, it is im-
portant to remark that the bandwidth is usually split
into a moderate number of carriers. Therefore, the trans-
mitted signal exhibits low or mild envelope fluctua-
tion, which is desirable to mitigate the nonlinear effects
induced by the satellite transponder and guarantee a
high-power amplifier efficiency. Clearly, the immediate
consequence of applying NOMA is that sudden peaks
or drops may happen more frequently, since signals
are sent via additive superposition. This highlights that
pre-distortion is necessary to reduce the power back-off
and make the most efficient use of the power and the
spectrum resources in the satellite. The advent of on-
board processors paves the way to using adaptive pre-



I| Encoder |—>
my1 ——| Splitter
et Bncoder || precoa
combiner [ precoder
mg ——| Splitter
|| Encoder |—>
map

’ﬁlc — Tﬁlp

n
Y2 mc

-

x1(m1, ma)
Satellite
Channel

za(my, ma) — Map

—

Fig. 2: Encoder and decoder structure for the two-user MISO-BC with rate splitting.

distortion, which is a very promising solution to relay
non-orthogonal signals through the satellite payload.
The same conclusion is valid for the different forms of
non-orthogonal transmission that will be addressed in
the following.

B. 2-colour frequency reuse schemes

As we have pointed out, to unleash the full poten-
tial of multibeam satellite communication systems, it is
deemed necessary to adopt more aggressive frequency
reuse schemes. For the sake of clarity, and to better
illustrate the concept of non-orthogonal transmission in
V/HTS, we consider a beam pattern with a reuse factor
2. To simplify the scenario, a clustering algorithm can
be executed to pair the beams according to the location
of the users to be served. If the pairing is made to
minimize the interference from outside the beam pair at
the location of users, then a high level of abstraction can
be made by regarding the global multibeam system as a
set of multiple two-beam and two-user communication
systems. In each beam pair the frequency is reused
to serve two users, as illustrated in Figure 1b. The
signals that come from outer beams contribute to the
background interference, which is treated as noise. In
this case, non-orthogonal techniques shall be designed
to cope with the interference generated by inner beams.

If there is no beam cooperation, we can draw an
analogy with the two-user interference channel (IC),
which contrasts with the broadcast channel (BC) that
usually comes up in the cellular architecture. In the IC,
characterized by the Han-Kobayashi (HK) capacity inner
bound, close-to-optimal strategies consist in dividing
each user’s message into common and public messages,
which are sent via superposition coding. This opens
the door to the so-called rate splitting approaches [7],
whose implementation has to take into account that the
common message is decodable by both users, while the
private one has to be recovered only by its intended
receiver and it is not decodable by the other one.

If beams are allowed to cooperate in the scenario
represented in Figure 1b, then the multiple-input single-
output BC (MISO-BC) model becomes now the reference.
The centralized control that the satellite gateway has on
the beams naturally favours the application of precoding
techniques [4]. Recently, some works have examined the

practicality of combining precoding and rate splitting.
The idea is illustrated in Figure 2. At the transmit side,
each user’s message is split into two parts. Without loss
of generality, if m; denotes the message intended to the i-
th user, then m;. and m,, correspond to the common and
the private messages, respectively. Unlike the HK super-
position signaling, common parts can be combined into
one. The resulting messages are independently encoded
and linearly precoded. At the receive side, it is common
practice to decode first m. and then apply SIC to decode
the corresponding private message. To alleviate the com-
plexity, a two-step approach has been proposed in [8].
The rationale is to conceive a low-complexity solution,
where the design of the precoders associated with the
private and the common messages is decoupled. At the
expense of degrading the performance, the complexity
can be further reduced and the feedback requirements
can be relaxed just by exploiting partial CSIT in the
form of SNR [9]. It is important to remark that most
of the works addressing the transmit beamforming with
common information decoding are usually subject to a
global power constraint, e.g. [7], rather than the per-
feed constraints that have to be imposed in the satellite
payload.

Remarkably, if the beams cooperate and rate splitting
is employed, channel imbalance between the two users
results not to be so imperative. As an example, Figure 3
illustrates that rate splitting achieves a larger rate region
than that of orthogonal schemes. The variant with full
and partial CSIT corresponds to the practical solution
devised in [8] and [9], respectively. In this example, it
has been considered that the SNR and interference-to-
noise ratio (INR) are the same for each user at each
beam. In satellite communications the multipath effect
is usually weak while the line-of-sight component is
very strong. For this reason, the envelope of the channel
in the simulations has been modeled as a nonrandom
constant and thus, the impact of the fading has not
been evaluated. Figure 3a represents the situation where
users are close to the center of the beam and as a
consequence, the interference is weak. Interestingly, rate
splitting outperforms frequency division multiplexing
(FDM) by only exploiting partial CSIT. If full CSIT is
available, rate splitting is able to provide higher rates
than the zero-forcing (ZF) precoding. As users move to
the overlapping area of two beams, the SNR decreases
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Fig. 3: Achievable rate regions for different strategies that are applied to a two-beam and two-user communication

system.

and the INR increases. This scenario is analyzed in
Figure 3b. Numerical results reveal that ZF precoding is
not able to remove the interference and preserve a high
SNR. Furthermore, when the desired and the interfering
signals are received with similar magnitude, rate split-
ting with partial CSIT may not be advantageous over
FDM. In the light of these results it can be concluded
that in the interference limited regime, it is crucial to
leverage on rate splitting and full CSIT.

To demonstrate that the SNR imbalance between
beam-center and beam-edge users is moderate, we have
represented in Figure 4 the SNR that static users confined
in the area of two adjacent beams would experience
in clear sky conditions. It is worth mentioning that the
dominant source of co-channel interference is limited to
the adjacent beam. Using the satellite antenna radiation
pattern and the system parameters provided by the
European Space Agency (ESA), we have computed the
SNR in approximately 360 positions for each beam. To
establish a connection between the numerical results and
the footprint, we have indicated the positions that would
yield the SNRs and the INRs that have been considered
in Figure 3. In other words, Figure 3a and Figure 3b
represent the rates that are jointly achievable by the two
users that form group 1 and 2, respectively.

Building upon the canonical models shown in Figure
1, the multibeam nature can be used jointly with non-
orthogonal transmission in order to increase the spec-
tral efficiency. It must be mentioned that in satellite
communications, the adoption of full frequency reuse
schemes combined with precoding techniques is the
leading paradigm to increase the spectral efficiency. A
simplified scenario with four beams and two users per
beam is represented in Figure 1c. The performance when
all beams operate on the same frequency can be further
improved by reaping the benefits of advanced decoding
strategies, such as simultaneous non-unique decoding
(SND). To show it, next section extends the analysis in
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Fig. 4: Received SNR in two adjacent beams.

a more realistic environment, where one satellite has
control over a large number of beams that operate on
the same frequency.

III. NON-ORTHOGONAL TRANSMISSION IN FULL
FREQUENCY REUSE MULTIBEAM SATELLITES

Recent advances in multibeam satellite systems have
identified spatial precoding as a key enabler for in-
creasing the spatial multiplexing gain [4]. If the V/HTS
controls K beams, these are created with N (N > K)
feeds or antenna elements onboard. Spatial precoding
allows the transmission over a full frequency reuse
system (i.e. all beams share the same spectrum resources)
by jointly processing at the gateway the input signal in
order to spatially mitigate the co-channel interference.
In this context, the user terminals can benefit from a
large available bandwidth preserving a sufficiently large
signal-to-interference-plus-noise ratio (SINR) value. It is
worth mentioning that user terminals can employ SUD
at reception because the interference has been precan-
celed at the transmit side.



In this section we incorporate the possibility of trans-
mitting L non-orthogonal frames within one beam in a
system with full frequency reuse among beams, yielding
a multi-layer transmission. In the proposed scenario, the
number of transmission layers per beam, the number of
beams and the number of feeds are related as follows:
N < KL. This configuration reveals that there are not
enough spatial degrees of freedom to eliminate the co-
channel interference. As a matter of fact, having a lower
number of feed elements than the number of frames be-
ing transmitted yields to both large intra-beam and inter-
beam interference (i.e. interference between users located
at the same beam and different beams, respectively). This
communication setting has also been reported in [10] for
the NOMA cellular scenario. In terrestrial communica-
tions, the clusters in each cell are composed by one cell-
center user and one cell-edge user. Optimizing the pre-
coding matrix of a downlink NOMA transmission with
multiple clusters requires computationally demanding
methods as reported in [11]. Due to that, alternative
precoding designs based on closed-form methods have
appeared to tackle the cellular scenario. In this context, a
suboptimal approach to mitigate inter-cell interference is
based on sharing the beamformer among the users that
are located in the same cell [10]. To guarantee the success
of this option, user clustering has to be devised so that
selected users have a strong channel correlation. Upon
mitigating the leakage between cells, NOMA comes nat-
urally to tackle intra-cell interference, since users within
each cell are judiciously selected to exhibit a high SNR
imbalance. This strategy is usually referred to as multi-
cluster multiple-input multiple-output NOMA (MIMO-
NOMA). In the following, the novel aspects studied in
the multibeam satellite domain are introduced.

In satellite communications, mimicking the strategy
adopted in terrestrial communications may not always
be valid to deal with inter-beam interference and in-
crease the beam-edge users’ throughput. As it has been
previously explained, SNR imbalance is not dependent
on the geographic position of users, but on the class of
the receiver terminals. Hence, if beam-center and beam-
edge users employ the same class of terminals, the user
channel conditions are similar and thus, the key feature
of NOMA cannot be exploited. The detrimental situation
that is created due to the peculiarity of the satellite
channel has motivated a new approach presented in [12],
[13]. Contrary to multi-cluster MIMO-NOMA, the idea
is to refrain from sharing beamformers. Interestingly, the
authors in [12] describe a precoding matrix design con-
sidering a scenario where the number of served users is
twice the number of antenna elements. It has been shown
that solutions based on low-complexity mechanisms like
minimum mean square error precoding succeed in re-
ducing inter-beam interference, by pairing users with
highly correlated channels. The communication system
that results from the scheme envisaged in [12], [13],
which is called joint precoding and MUD (JPMUD),
allows representing each beam with two sender-receiver
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pairs. This motivates the deployment of advanced re-
ceivers able to handle the remaining intra-beam inter-
ference. The main rationale of JPMUD techniques is that
whenever the gateway aims at transmitting a number of
frames F' = K L superior to the number of feed elements
N, receivers with MUD capabilities can increase the
overall data rates. Different MUD techniques are inves-
tigated and namely, the receiving strategy that leads to
the highest system achievable rates is inspired by SND
[14].

SND has been proposed in diverse scenarios where
signals conveying messages intended to different des-
tinations appear superimposed at any given receiver.
Similarly to SND, the idea of the scheme proposed in
[12] is to examine a subset of messages that is not limited
to the message of interest. Then, depending on the SNR
and the INR regimes of operation, the receiver either
performs MUD or SUD. If the conditions are such that
the interfering messages can be perfectly decoded, then
the receiver ends up performing MUD, but unwanted
messages are discarded after detection. In contrast, if
the receiver fails to decode messages meant to other
destinations, then SUD is performed. This strategy is
advantageous for a number of reasons, notably the ca-
pacity of exploiting the structure of unwanted messages
or treating them as noise as appropriate. This advanced
receiver is proposed in [12] in contrast to current cellular
approaches that rely on a pre-defined strategy, which
usually encompasses SIC and SUD. The results show
that despite there is not a clear channel gain imbalance
between users served in the same beam, JPMUD under
SND framework offers a remarkable sum-rate gain with
respect to the case where precoding transmission tackles
a number of frames F' = N.

A second differentiating element in the application
of JPMUD is the scheduling. It is known that user
scheduling can enhance the attainable rates of spatial
precoding. When JPMUD is addressed, the scheduling
problem consists in pairing the user terminals in the
most convenient way. In this context, the authors in
[13] present different scheduling alternatives for JPMUD
systems under the same precoding and MUD receiver
operation design guidelines reported in [12]. Based on
the numerical results presented in [13], pairing users
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with the lowest channel gain imbalance and Euclidean
distance leads to the largest sum-rate values. Remark-
ably, this approach might not be convenient in other
scenarios where SND is not the reference such as the
ones described in [10].

Figure 5 depicts the resulting precoding satellite ar-
chitecture for single- and multi-layer transmission. We
note that, although the satellite payload can remain
the same regardless of the transmission scheme, the
feeder link, which goes from the gateway to the satellite,
needs to increase its capacity in order to attend the
new system requirements. Indeed, while conventional
precoding multibeam satellite systems based on single-
layer transmission need a total feeder link bandwidth of
BK Hz (with B as the user bandwidth), the application
of JPMUD requires 2BK Hz.

In order to show the potential of the proposed trans-
mission strategies in a full frequency reuse scenario,
we perform a numerical evaluation over a close-to-
real satellite scenario. Figure 6 depicts a system level
evaluation of a multibeam satellite system with N = 245
feed elements serving K = 245 beams and a total number
of 2K = 490 users. We assume a maximum power per
feed of 55 Watts and a power amplifier output back-off
of 5 dB. The channel model is the one reported in [4],
where the antenna pattern has been shared by ESA.

Two benchmark cases have been included: the four
frequency scheme without precoding and the precoding
with single-layer transmission. Note that in both cases
it has been considered a two time slot transmission in
order to serve the 490 users with the considered 245
feed elements. The numerical results show that even
with any type of scheduling, multi-layer transmission
based on JPMUD presents a substantial sum rate gain
compared to the benchmark case. In case the mentioned
minimum power imbalance (MinPI) scheduling is used,
a 109 and 384 percent gain is obtained with respect to
the precoding for single-layer transmission case and the

four frequency scheme.

IV. OPEN RESEARCH CHALLENGES AND CONCLUSIONS

This article has reviewed the state-of-the-art in non-
orthogonal transmission schemes for satellite mulitbeam
communications and has provided a taxonomy of the
main representative scenarios with respect to the order
of the frequency reuse. Remarkably, it is still under
research which is the most convenient way to distribute
the network resources (i.e. power, beam and bandwidth),
in order to take advantage of the potential flexibility of
V/HTS and increase the access network capacity with
non-orthogonal transmission techniques. We have noted
that the framing of the multiuser data that is used in
the satellite protocols is different from the one used in
the terrestrial wireless standards. This is because cur-
rent satellite communication systems need larger chan-
nel coding gains than terrestrial counterparts; each si-
multaneous frame transmission generally embeds more
than one user terminal information, leading to the so-
called multigroup multicast multibeam operation. This
different framing has important consequences in the user
scheduling and rate allocation. Therefore, these aspects
motivate the need for different scheduling techniques as
the one in [15], where the authors move from the work
performed in [8] and propose a geographical scheduling
algorithm in order to improve the fairness of a multicast
precoder.

This article has shed some light on the role of non-
orthogonal transmission in these flexible satellite sys-
tems; however, many aspects are yet to be defined and
studied. There are pure physical layer aspects as: the
impact of channel estimation errors at the receiver, the
effect of timing offset between the signals transmitted
by the different beams, low-complexity non-orthogonal
coding/precoding and decoding strategies that leverage
limited feedback or, a dynamic user scheduling and
grouping strategies, to mention a few. These studies
have to be cast with upper layers aspects, such as: non-
uniform traffic distribution among beams, packet encap-
sulation and adaptive coding and modulation in non-
orthogonal transmission, centralized or decentralized
resource allocation, among others. The major advances
have been carried out for centralized schemes. However,
concerning decentralized ones, promising recent devel-
opments are within game theory as it was reported in
[1] for the wireless cellular communications.
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