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Multigateway Precoded NOMA in Multibeam
Satellite Multicast Systems

Dong-Hyoun Na, Ki-Hong Park, Young-Chai Ko, and Mohamed-Slim Alouini

Abstract—In this paper, we consider multigateway-based
multibeam satellite non-orthogonal multiple access (NOMA)
multicast systems. We investigate the improvement in spectral
efficiency and accessibility by superimposing multiple signals on
each beam at the same frequency and time resource employing
NOMA, where multiple gateways transmit precoded signals
to alleviate inter-beam interference caused by full frequency
reuse. We formulate an optimization problem of maximizing the
sum rate while satisfying the gateways and satellite transmis-
sion power constraints, where the precoding vector and power
allocation for superposition coding as well as the decoding
order for successive interference cancellation are optimized.
This optimization problem is challenging to solve due to its
non-convex mixed-integer nonlinear programming. However, a
suboptimal solution can be obtained using a block coordinate
descent algorithm. The simulation results of the proposed NOMA
technique are compared with those of the orthogonal multiple
access (OMA) technique. The proposed technique outperforms
the OMA technique. We also investigate the impact of channel
imperfection and decoding capability of the proposed algorithm
through some selected simulation results.

Index Terms—Multibeam satellite systems, non-orthogonal
multiple access, precoding, sum-rate maximization.

I. INTRODUCTION

SATELLITE communication (SatCom) is expected to sat-
isfy future communication requirements such as seamless

access and high-speed broadband communication. Moreover,
SatCom can be suitably exploited to ensure communication
fairness in areas where communication demands are high
and the deployment of terrestrial communication facilities is
difficult or impossible [1]. In 6G communication, the SatCom
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infrastructure should be taken into account because three-
dimensional scenarios with flying nodes are suggested for
ubiquitous connectivity [2], [3]. In addition, the development
of non-terrestrial communication (NTC) utilizing satellites has
been studied, and the performance of NTC with millimeter-
wave bands has been investigated in [4].

Conventional geostationary (GEO) satellites employ a single
beam to cover a large area. However, it has been recently
considered that GEO satellites take advantage of multiple
beams with frequency reuse to increase throughput. Four-color
frequency reuse has been mainly implemented. Four-color
frequency reuse means dividing the frequency band into four
so that adjacent beams use different frequency bands. By using
four-color frequency reuse, multiple beams can be employed
with lower inter-beam interference and different signals can
be transmitted to the beams simultaneously. In order to use
the limited spectrum more efficiently, full frequency reuse has
been considered [5]. However, such aggressive frequency reuse
significantly increases inter-beam interference. Accordingly, a
joint use of zero-forcing (ZF) precoding and beam-hopping
has been proposed to reduce inter-cluster, inter-beam, and
intra-beam interference, where the beams operate according
to the users’ requirements in these beams [6]. In [7], the au-
thors presented the concept of precoded cluster-hopping with
minimum mean square error (MMSE). Compared with the
four-color frequency reuse, these methods efficiently alleviate
interference and match the capacity required by each beam.

A. Related Works

Obtaining channel state information (CSI) from ground
users is necessary to transmit precoded data at gateways. In a
fixed GEO SatCom, slowly varying channel enables gateways
to obtain CSI with training symbols [8]. Even if outdated
CSI is acquired due to the long propagation delay, employing
precoding techniques is a pragmatic way to deal with interfer-
ence [9]. In [10], nonlinear precoding techniques were adopted
to mitigate interference. However, linear precoding techniques
have primarily been studied because nonlinear precoding has a
high implementation complexity. The authors in [11] designed
an energy-efficient power allocation technique with MMSE
precoding, which performs better than the four-color frequency
reuse scheme in terms of energy efficiency (EE). In [12], a
precoding technique for improving EE was proposed, where
successive convex approximation (SCA)-based and ZF-based
algorithms were compared. It was shown that the SCA-based
algorithm surpassed the ZF-based one. The authors in [13]
presented a linear precoding technique taking both linear and
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nonlinear power constraints into account due to high power
amplifiers. Their proposed technique achieved higher average
throughput than ZF and MMSE precoding and showed stable
performance with increasing the number of beams. In [14], a
frame-based precoding technique and user scheduling policy
were presented under DVB-S2X, which is the latest SatCom
standard. The performance was investigated with respect to the
objective functions and constraints. The combination of user
scheduling and precoding scheme significantly alleviated the
system performance degradation due to the increased number
of users.

All the above studies have considered a single gateway.
As the number of beams activated in the user link increases,
the bandwidth required in the feeder link also expands. How-
ever, as the available bandwidth is limited, many works on
exploiting multiple gateways have recently been suggested.
Since the gateways utilize a very directional antenna, the
bandwidth can be reused entirely in the feeder link. In [15],
precoding based on regularized singular value decomposition
was proposed. The performance of the cooperative schemes
between gateways was investigated to reduce the amount of
CSI exchanged. The authors in [16] calculated the precoding
matrix with channel statistics to reduce the amount of channel
information shared between different gateways. Since it is
possible to increase the efficiency of frames and cover a large
number of users with broad beams, multicast methods in the
latest SatCom have been widely studied, where precoding is
carried out for each frame transmitted to each beam. In [17]
and [18], frame-based precoding was investigated at multiple
gateways in a multicast scenario to support multiple users
simultaneously.

Many works have been conducted on non-orthogonal mul-
tiple access (NOMA) in terrestrial communication to improve
bandwidth efficiency. In general, NOMA refers to superimpos-
ing signals with different power levels in the same frequency
and time resource and adopting successive interference can-
cellation (SIC) at the receivers to remove interference [19].
In fact, it is known that, in many respects, NOMA can
achieve higher performance than OMA. NOMA improves
spectral efficiency and user fairness because it can cover more
users simultaneously than OMA [19], [20]. Since SatCom is
fundamentally used to serve many users with wide coverage,
NOMA can be one of the promising strategies in SatCom. In
that sense, it is worth applying NOMA to SatCom, but it is
not appropriate to apply the NOMA solutions designed for
terrestrial communications to SatCom intactly. In terrestrial
communication, a base station is located in each cell. It is
obvious that users undergo different path loss attenuation
depending on the distance from the base station, which leads
to allocating the power resource for NOMA. However, in
SatCom, since all beams are transmitted from one satellite,
the complexity increases according to the number of beams.
Moreover, users in the beams suffer similar path loss attenua-
tion [21]. Therefore, algorithms for proper power allocation for
superposition coding (SC) should be proposed in consideration
of increasing complexity due to an increase in the number of
beams. In [22], the applicability of NOMA to Satcom was
shown and various application scenarios were presented. In

particular, the introduction of NOMA in cognitive networks
and integrated satellite-terrestrial networks (ISTN) has been
described. In [23] and [24], NOMA was introduced for two
users in a single beam, and the performance was analyzed in
the downlink and uplink of SatCom, respectively, showing that
NOMA can achieve a higher performance than OMA. While
NOMA has also been introduced to enhance the capacity of
ISTN, it has been applied to base stations rather than satellites
[25], [26]. Moreover, in [27], several architectures that enabled
NOMA to be implemented in SatCom were presented. Similar
to our paper, NOMA schemes for each beam in multibeam
satellite systems were suggested in [21], [28], and [29]. The
conventional ZF precoding was adopted at a single gateway,
and the performance was compared with regard to the users’
decoding and scheduling methods in [21]. Up to recently,
NOMA and multicast schemes were taken into account sep-
arately in SatCom. For the first time in [28], they were
studied together for SatCom. The authors in [28] optimized
power allocation and user clustering, and they found that the
NOMA multicast proposed for a single gateway surpassed
the OMA multicast. In [29], precoding was considered in the
full-frequency reuse system. When calculating precoding in a
multicast system, performance was shown depending on which
channel vector was selected among multiple user channels.
However, in [21], multicast was not handled, and in [28],
four-frequency reuse was used, so inter-beam interference and
precoding were not taken into consideration. Even if, in [29],
full-frequency reuse was considered, only two groups were
treated and precoding was performed simply using the MMSE
technique. Although the NOMA systems for multiple users in
multiple clusters have been considered in [30] and references
therein, in this paper, NOMA is applied to multiple user groups
in multiple beams. In [30], there are several users in multiple
clusters, and each user receives superposed signals for users
in the same cluster, where the clusters can be consistent with
the beams of our system.

B. Contributions

In this paper, we study the application of NOMA to
multigroup multicast systems in multibeam SatCom to employ
the frequency band more efficiently and enhance the overall
spectral efficiency. Even in terrestrial communication systems,
NOMA has not been applied to multigroup multicast systems.
Only one signal is generally transmitted per beam in multicast
systems, although multiple signals can be transmitted to mul-
tiple groups in each beam simultaneously because of SC in
the present work. Furthermore, we optimize the precoding for
interference mitigation, power allocation coefficient for SC,
and decoding order for SIC in multibeam SatCom.

• In our system, instead of simply distributing multiple
users in the beams corresponding to the clusters in [30],
multiple groups including multiple users exist in each
beam. All the users in each group desire the same infor-
mation and receive signals superposed by the number of
groups with interference signals for other beams. While
the users in the same beam receive identical superimposed
signals, they can decode their own desired signals with
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SIC. Even if there is a loss concerning the signal-to-noise-
plus-interference ratio (SINR), it is possible to transmit
multiple signals simultaneously, resulting in improved
spectral efficiency and user accessibility. In this paper,
unlike the previous papers on NOMA for SatCom, since
full-frequency reuse is considered, precoding is essential
to mitigate inter-beam interference. Moreover, SC and
SIC should be optimized appropriately to make the best
use of NOMA.

• To perform SIC, the aforementioned studies on NOMA
SatCom fix the decoding order by limiting the condition
of effective channel gain that the users receive when
solving an optimization problem. It may not lead to
the optimal precoding vector and power allocation to
maximize the sum rate. Hence, it is necessary to take
the decoding order into account. In [31], an exhaustive
search was used to find the optimal decoding order among
all the possible decoding orders. The exhaustive search
is computationally efficient only when the search space
is small. However, in our problem, exhaustive search is
cumbersome to obtain the optimal decoding order in all
beams because an optimization problem must be solved
with many variables. Therefore, we solve the problem of
optimizing the decoding order along with other variables
such as precoding vectors and power allocation for SC
to maximize the minimum rate for each signal under the
satellite and gateway power constraints.

• Considering all the variables, the formulated problem
is a non-convex mixed-integer nonlinear programming
(MINLP) that is difficult to solve. Therefore, we adopt
a block coordinate descent (BCD) method to handle
this problem, which is efficient by updating each block
variable [32]. This method sequentially approximates
the non-convex function to the convex function at each
iteration and updates each block variable. We show that
it is more efficient in terms of convergence than solving
all variables jointly.

C. Organization and Notations

The remainder of this paper is organized as follows. We first
describe the system model under consideration in Section II.
Section III provides the problem formulation. In Section IV,
we present a solution to the problem. In Section V, the
proposed technique is compared with the conventional tech-
nique through simulation. Finally, we conclude this paper in
Section VI.

Throughout this paper, lowercase and uppercase letters in
boldface represent vectors and matrices, respectively. The
operators |x|, E [x], and ℜ{x} denote the absolute value,
average value, and the real part of x, respectively. Further,
||x|| and xH represent the Euclidean norm and the Hermitian
transpose of vector x, respectively. Finally, x ∼ N

(
µ, σ2

)
denotes the Gaussian random variable x with mean µ and
variance σ2.

Fig. 1. System model of the NOMA multigroup multicast with multiple
gateways in SatCom.

Fig. 2. Each beam has G groups of K users.

II. SYSTEM MODEL

We consider a multibeam SatCom system in which a
single satellite provides services to numerous users with full
frequency reuse as shown in Fig. 1. The satellite receives
signals from L gateways through feeder links and transfers
them to the users through user links. There are L feeder
link receivers in the satellite, and each gateway is assigned
to each receiver to control a cluster of B beams. Besides, to
transmit signals, the satellite is equipped with L antenna feed
clusters. Each of them comprises B antenna feed elements
so that each cluster serves a beam cluster, and each feed
element creates one beam (i.e., single feed per beam). In
each beam, GK users with a single antenna form G multicast
groups of K users each as shown in Fig. 2. The users within
a group desire the same multicast message. Since we take
the NOMA system into consideration, the SC scheme for
the power domain multiplexing is implemented to serve G
multicast groups concurrently in each beam. At the users’ end,
accordingly, SIC is conducted to decode signals in decoding
order.

On denoting L = {1, 2, · · ·, L}, B = {1, 2, · · ·, B},
G = {1, 2, · · ·, G}, and K = {1, 2, · · ·,K}, the beam from
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TABLE I
VARIABLE LIST.

Notation Definition
L Number of gateways / feeder link receivers

/ antenna feed clusters / beam clusters
B Number of antenna feed elements

/ beams in a beam cluster
G Number of multicast groups in a beam
K Number of users in a group

BM-(l, b) Beam from the bth feed element
of the lth antenna feed cluster

UE-(l, b, g, k) kth user of the gth multicast group in BM-(l, b)
hH
i,lbgk Channel coefficient from the ith feed cluster

to UE-(l, b, g, k)
GT , GR Maximum satellite antenna gain

and user receiver antenna gain
rlbgk Atmospheric fading of UE-(l, b, g, k)
qi,lbgk Vector including the beam pattern and path loss

ξlbgk , ϕlbgk Power gain and phase of rain attenuation
µ, σ Lognormal location and scale of rain attenuation
λ Carrier wavelength

gij,lbgk Beam pattern
dlbgk Distance between the satellite and UE-(l, b, g, k)

κ, TR, Bul Boltzmann constant, receiver noise temperature, and
beamwidth

ηij,lbgk Phase variation
θij,lgbk Angle between the center of BM-(i, j)

and the user position
θ3dB Angle between 3 dB power loss and

the beam center
slbg Signal for the gth multicast group users

in BM-(l, b)
slb Signal for users in BM-(l, b)
αlbg Power allocation coefficient
wlb Precoding vector for users in BM-(l, b)
nlbgk Additive white Gaussian noise
alb,ij Binary variable for decoding order

SINRm
lbgk SINR of UE-(l, b, g, k) to decode the message

for the mth group
PGW
l Maximum power at the lth gateway

PFeed
lv Maximum power at the vth feed element

of lth antenna feed cluster

the bth feed element of the lth antenna feed cluster is denoted
as BM-(l, b) and the kth user of the gth multicast group in
BM-(l, b) is represented by UE-(l, b, g, k), where l ∈ L, b ∈ B,
g ∈ G, and k ∈ K. The lth gateway transmits signals to the lth
feeder link receiver connected to the lth antenna feed cluster
in the satellite. We assume that perfect CSI is available at
the gateways [13], [14]. However, in Section V, we carry out
simulations on the effect of imperfect CSI as well. The main
variables used in this paper are given in Table I for ease of
reading.

A. Channel Model

We assume that the feeder links between the gateways and
satellite are ideal because the gateways exploit very directive
antennas to transmit signals and the SNR of the feeder link is
much greater than that of the user link [15], [33]. Therefore,
the noise and interference in the feeder links can be negligible.

Thus, hH
i,lbgk ∈ C1×B represents the channel coefficient

from the ith feed cluster to UE-(l, b, g, k) and can be decom-
posed as

hi,lbgk =
√
GTGRrlbgkqi,lbgk, (1)

where GT and GR are the maximum satellite antenna gain
and user receiver antenna gain, respectively, and qi,lbgk is a
vector including the beam pattern and path loss. The parameter
rlbgk denotes the atmospheric fading of UE-(l, b, g, k) because
the satellite channels using high-frequency bands, such as Ka-
band, are significantly affected by atmospheric fading effects.
Among them, rain attenuation is the most dominant factor. The
atmospheric fading of UE-(l, b, g, k) due to rain attenuation is
given as [34] and [35]

rlbgk = ξ
− 1

2

lbgke
jϕlbgk , (2)

where ξlbgk denotes the power gain of rain attenuation.
The power gain in dB, ξdBlbgk = 20 log10 (ξlbgk), follows

a lognormal distribution, i.e., ln
(
ξdBlbgk

)
∼ N

(
µ, σ2

)
,

where µ and σ are the lognormal location and scale pa-
rameters, respectively, besides ϕlbgk is the uniformly dis-
tributed phase over [0, 2π). Furthermore, qi,lbgk is defined by
qi,lbgk = [qi1,lbgk · · · qij,lbgk · · · qiB,lbgk]

T , where qij,lbgk can
be written as [35] and [18]

qij,lbgk =
λ

4πdlbgk
gij,lbgke

jηij,lbgk , (3)

where λ is the carrier wavelength and dlbgk is the distance
between the satellite and UE-(l, b, g, k). In (3), ηij,lbgk denotes
phase variation due to the beam radiation pattern and radio
wave propagation, where we assume that the satellite has
stable oscillators [33]. The beam pattern gij,lbgk depends on
the user position and satellite antenna pattern. When we define
θij,lgbk as the angle between the center of BM-(i, j) and the
user position and θ3dB as the angle 3 dB power loss from the
beam center, gij,lbgk can be approximated as [13] and [34]

gij,lbgk =

∣∣∣∣∣J1 (uij,lgbk)

2uij,lgbk
+ 36

J3 (uij,lgbk)

u3
ij,lgbk

∣∣∣∣∣ , (4)

where J1 (·) and J3 (·) are the first-kind Bessel
functions of order 1 and 3, respectively, and
uij,lgbk = 2.07123 sin (θij,lgbk) / sin (θ3dB).

B. Signal Model

Assuming that the message slbg is intended for the gth mul-
ticast group users in BM-(l, b), the signals for BM-(l, b) are
superimposed using the NOMA scheme at the lth gateway. It
can be written as slb =

∑G
g=1

√
αlbgslbg, where 0 ≤ αlbg ≤ 1

is the power allocation coefficient and
∑G

g=1 αlbg = 1. The

signal slbg has unit average power
(

i.e., E
[
|slbg|2

]
= 1

)
.

Thus, the signal for the lth cluster sl can be expressed as
sl = [sl1 sl2 · · · slB ]

T . Before transmission, sl is precoded
with matrix Wl ∈ CB×B at the lth gateway to mitigate intra-
cluster and inter-cluster interference. The transmitted signal xl

can be written as

xl = Wlsl =

B∑
b=1

wlb

G∑
g=1

√
αlbgslbg, (5)

where wlb ∈ CB×1 is a precoding vector for users in M-(l, b).
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The lth feeder link receiver receives the precoded signals in
the satellite via the feeder link. Since we consider a transparent
payload as in [13]–[15] and [33], the satellite transfers the
signals via the antenna feed clusters as a relay. Therefore, the
received signal at UE-(l, b, g, k) can be written as

ylbgk =
L∑

i=1

hH
i,lbgkxi + nlbgk, (6)

where nlbgk denotes the additive white Gaussian noise
(AWGN) with zero mean and variance σ2

lbgk. To clarify the
interference due to the SC scheme, intra-cluster interference,
and inter-cluster interference, ylbgk can be rewritten as

ylbgk =hH
l,lbgkwlb

√
αlbgslbg︸ ︷︷ ︸

desired signal

+hH
l,lbgkwlb

G∑
m̸=g

√
αlbmslbm︸ ︷︷ ︸

intra-beam (inter-group) interference

+ hH
l,lbgk

B∑
j ̸=b

wljslj︸ ︷︷ ︸
intra-cluster (inter-beam) interference

+
L∑
i̸=l

B∑
j=1

hH
i,lbgkwijsij︸ ︷︷ ︸

inter-cluster interference

+nlbgk.

(7)

For each beam, some multicast group users adopt SIC to
detect the signals. When users in a multicast group directly
decode the desired signal without SIC, users in the other
multicast groups exploit SIC. The users employing SIC decode
the signals intended for other groups, remove them from
interference, and obtain the signal desired for themselves. To
determine the multicast groups using SIC (i.e., decoding order)
in each beam, we introduce binary variable alb,ij ∈ {0, 1},
where alb,ij = 0 indicates that the jth multicast group users
in BM-(l, b) take advantage of SIC and decode the signal for
the ith group, otherwise alb,ij = 1. Note that alb,ij+alb,ji = 1
and alb,ii = 0, i ̸= j,∀i, j. Hence, the SINR of UE-(l, b, g, k)
to decode the message for the mth group in BM-(l, b) can be
expressed as

SINRm
lbgk (W,Plb,Alb)

=

∣∣∣hH
l,lbgkwlb

∣∣∣2 αlbm + alb,mgM∑G
u̸=malb,um

∣∣∣hH
l,lbgkwlb

∣∣∣2αlbu+Ilbgk (W)+σ2
lbgk

, (8)

where W ≜ {wlb,∀l ∈ L,∀b ∈ B}, Plb ≜ {αlbg,∀g ∈ G},
and Alb ≜ {alb,ij ,∀i, j ∈ G}. An arbitrary large positive num-
ber M is introduced to exclude the SINR that does not match
the decoding order. In other words, if alb,mg = 1, SINRm

lbgk

is not calculated according to the decoding order and is not
selected in multicast systems. In (8), Ilbgk (W) is the sum
of intra-cluster and inter-cluster interference at UE-(l, b, g, k),

which can be written as Ilbgk (W) =
∑B

j ̸=b

∣∣∣hH
l,lbgkwlj

∣∣∣2 +∑L
i̸=l

∑B
j=1

∣∣∣hH
i,lbgkwij

∣∣∣2.

III. PROBLEM FORMULATION

Our objective is to develop a transmission scheme that
maximizes the sum rate of multigroup multicast trans-
mission in the SatCom system with the NOMA scheme

while satisfying perfect SIC and power constraints. Ac-
cordingly, we propose a method to optimize the precod-
ing vectors W , the power allocation coefficients of SC
P ≜ {Plb,∀l ∈ L,∀b ∈ B}, and the selection of multicast
groups to employ SIC A ≜ {Alb,∀l ∈ L,∀b ∈ B}. To suc-
cessfully perform SIC in the NOMA multigroup multicast
system [36], the optimization problem can be formulated as

max
W,P,A

L∑
l=1

B∑
b=1

G∑
m=1

log2

(
1+ min

g∈G,k∈K
SINRm

lbgk(W,Plb,Alb)

)
(9a)

s.t.
B∑

b=1

wH
lbwlb ≤ PGW

l , (9b)

B∑
b=1

wH
lbQvwlb ≤ PFeed

lv , (9c)

0 ≤ αlbg ≤ 1,
G∑

g=1

αlbg = 1, (9d)

alb,ij ∈ {0, 1} , alb,ij + alb,ji = 1, alb,ii = 0, (9e)

for ∀l ∈ L, ∀b, v ∈ B, and ∀g, i, j ∈ G. PGW
l and PFeed

ln

are the maximum power at the lth gateway and the nth
feed element of lth antenna feed cluster, respectively. In (9c),
Qv is a matrix whose vth diagonal element is 1 and the
other elements are 0. Problem (9) is a non-convex problem
due to (9a) and the binary constraints of (9e) although the
others are convex constraints. It is difficult to find a globally
optimal solution for this problem. Therefore, in the next
section, we propose a method to obtain a local optimum by
decomposing (9) and approximating it to convex problems.

IV. PROPOSED SOLUTION

Since (9) is a non-convex MINLP, we suggest designing
an algorithm based on BCD to solve it efficiently. To ap-
proximate the problem in each iteration, we need to trans-
form it into a more amenable form. Thus, we introduce two
sets of variables: Γ ≜ {γm

lb ,∀l ∈ L,∀b ∈ B,∀m ∈ G} and
R ≜ {Rm

lb ,∀l ∈ L,∀b ∈ B,∀m ∈ G}, and then (9) can be
transformed into

max
W,P,A,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (10a)

s.t.
B∑

b=1

wH
lbwlb ≤ PGW

l , (10b)

B∑
b=1

wH
lbQvwlb ≤ PFeed

lv , (10c)

0 ≤ αlbg ≤ 1,

G∑
g=1

αlbg = 1, (10d)

alb,ij ∈{0, 1} , alb,ij+alb,ji=1, alb,ii=0, (10e)
SINRm

lbgk (w,αlb,alb) ≥ γm
lb , (10f)

log2 (1 + γm
lb ) ≥ Rm

lb , (10g)
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for ∀l ∈ L, ∀b, v ∈ B, ∀g,m, i, j ∈ G, and ∀k ∈ K. Since
(10f) and (10g) hold equality at the optimal condition, the
equivalence of (9) and (10) is guaranteed and can be easily
proved by contradiction.

Even if the (10a) is relaxed to a convex function, (10)
is still non-convex owing to (10e) and (10f). To solve the
problem effectively, we propose decomposing (10) into three
subproblems and solving them by approximating the non-
convex constraints iteratively with the help of the BCD al-
gorithm. In other words, it is divided into (i) a problem for
precoding vector with power allocation and decoding order
fixed, (ii) a problem for power allocation with precoding vector
and decoding order fixed, and (iii) a problem for decoding
order with precoding vector and power allocation fixed. The
three subproblems are alternately solved utilizing SCA until
they converge.

A. Precoding Optimization

Given P and A, the optimization problem for W can be
written as

max
W,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (11a)

s.t. SINRm
lbgk

(
W,P(n)

lb ,A(n)
lb

)
≥ γm

lb , (11b)

(10b), (10c), (10g), (11c)
∀l ∈ L, ∀b, v ∈ B, ∀g,m ∈ G, ∀k ∈ K,

where P(n)
lb and A(n)

lb denote the solutions obtained at the nth
iteration. The non-convex constraint (11b) can be expressed
as ∣∣∣hH

l,lbgkwlb

∣∣∣2 α(n)
lbm

γm
lb

+
a
(n)
lb,mgM

γm
lb

≥
G∑

u̸=m

a
(n)
lb,um

∣∣hH
l,lbgkwlb

∣∣2α(n)
lbu+Ilbgk(W)+σ2

lbgk, (12)

where the right-hand side is a convex function for w.
The left-hand side is jointly convex for wlb and γm

lb be-
cause it is a quadratic-over-linear function [37]. When

we define flbgk,m (wlb, γ
m
lb ) ≜

∣∣∣hH
l,lbgkwlb

∣∣∣2 α(n)
lbm/γm

lb and

glb,mg (γ
m
lb ) ≜ a

(n)
lb,mgM/γm

lb , they can be lower bounded
with the first-order Taylor series expansion around w

(n)
lb and

(γm
lb )

(n), which can be expressed as

flbgk,m (wlb, γ
m
lb ) ≥Flbgk,m

(
wlb, γ

m
lb ;w

(n)
lb , (γm

lb )
(n)

)

≜α
(n)
lbm

2ℜ
{(

w
(n)
lb

)H

hl,lbgkh
H
l,lbgkwlb

}
(γm

lb )
(n)

−

(
w

(n)
lb

)H

hl,lbgkh
H
l,lbgkw

(n)
lb{

(γm
lb )

(n)
}2 γm

lb

 ,

(13)

glb,mg (γ
m
lb ) ≥ Glb,mg

(
γm
lb ; (γ

m
lb )

(n)
)

≜ a
(n)
lb,mgM

 2

(γm
lb )

(n)
− γm

lb(
(γm

lb )
(n)

)2

 , (14)

where w
(n)
lb and (γm

lb )
(n) are the solutions from the nth

iteration. Hence, (12) can be convexified as

Flbgk,m

(
wlb, γ

m
lb ;w

(n)
lb , (γm

lb )
(n)

)
+Glb,mg

(
γm
lb ; (γ

m
lb )

(n)
)

≥
G∑

u̸=m

a
(n)
lb,um

∣∣hH
l,lbgkwlb

∣∣2 α(n)
lbm+Ilbgk (W)+σ2

lbgk. (15)

Although (10g) is a convex constraint, because log functions
are not preferred in optimization solvers (e.g., MOSEK), we
change it to a more computationally efficient form [38]. First,
we have

γm
lb log2 (1 + γm

lb ) ≥ γm
lbR

m
lb . (16)

Then, by applying the first-order Taylor series expansion, the
convex function on the left-hand side can be lower-bounded
as

γm
lb log2 (1 + γm

lb ) ≥ (τmlb )
(n)

γm
lb − (υm

lb )
(n)

, (17)

where (τmlb )
(n) and (υm

lb )
(n) represent

(τmlb )
(n)≜

1

ln 2

ln(1+(γm
lb )

(n)
)
+

(γm
lb )

(n)(
1+(γm

lb )
(n)

)
 , (18a)

(υm
lb )

(n)≜

(
(γm

lb )
(n)

)2

ln 2
(
1 + (γm

lb )
(n)

) . (18b)

Although the left-hand side in (16) is lower bounded as (17),
(16) is non-convex owing to the right-hand side. However,
we can convert (16) equivalently into a second-order cone
constraint, which can be expressed as

γm
lb−Rm

lb +(τmlb )
(n)≥

∣∣∣∣∣∣∣∣[γm
lb+R

m
lb−(τmlb )(n) 2

√
(υm

lb )
(n)

]∣∣∣∣∣∣∣∣
2

.

(19)
This constraint can be utilized equally in the other two divided
optimization problems. Therefore, (11) can be rewritten as

max
W,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (20a)

s.t. (10b), (10c), (15), (19), (20b)
∀l ∈ L, ∀b, v ∈ B, ∀g,m ∈ G, ∀k ∈ K,

which is a second-order cone programming (SOCP) and can
be solved by standard convex optimization software.
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B. Power Allocation Optimization
Given W and A, the optimization problem to obtain P can

be written as

max
P,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (21a)

s.t. SINRm
lbgk

(
W(n),Plb,A(n)

lb

)
≥ γm

lb , (21b)

(10d), (19), (21c)
∀l ∈ L, ∀b, v ∈ B, ∀g,m ∈ G, ∀k ∈ K,

where W(n) represents the solutions obtained at the nth
iteration. We can rewrite (21b) as∣∣∣hH

l,lbgkw
(n)
lb

∣∣∣2 αlbm + a
(n)
lb,mgM

≥
G∑

u̸=m

a
(n)
lb,um

∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2γm
lb αlbu+γ

m
lb

(
Ilbgk

(
W(n)

)
+σ2

lbgk

)
,

(22)

which is non-convex owing to γm
lb αlbu in the first term on

the right hand side. When we take advantage of simple
algebraic operations and first-order Taylor series expansion
around

(
(γm

lb )
(n)

, α
(n)
lbu

)
, it can be upper bounded as

γm
lb αlbu ≤Hm

1,lbu

(
γm
lb , αlbu; (γ

m
lb )

(n)
, α

(n)
lbu

)
≜
1

4
(γm

lb + αlbu)
2 − 1

4

(
(γm

lb )
(n) − α

(n)
lbu

)2

− 1

2

(
(γm

lb )
(n)−α

(n)
lbu

)(
γm
lb −αlbu−(γm

lb )
(n)

+α
(n)
lbu

)
.

(23)

Therefore, (21b) can be convexified as∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2 αlbm + a
(n)
lb,mgM

≥
G∑

u̸=m

a
(n)
lb,um

∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2Hm
1,lbu

(
γm
lb , αlbu; (γ

m
lb )

(n)
, α

(n)
lbu

)
+ γm

lb

(
Ilbgk

(
W(n)

)
+ σ2

lbgk

)
, (24)

The relaxed problem for P can be rewritten as

max
P,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (25a)

s.t. (10d), (19), (24), (25b)
∀l ∈ L, ∀b, v ∈ B, ∀g,m ∈ G, ∀k ∈ K, (25c)

which is also an SOCP.

C. Decoding Order Optimization
Finally, given W and P , the optimization problem for A

can be formulated as

max
A,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb (26a)

s.t. SINRm
lbgk

(
W(n),P(n)

lb ,Alb

)
≥ γm

lb , (26b)

(10e), (19), (26c)
∀l ∈ L, ∀b, v ∈ B, ∀g,m, i, j ∈ G, ∀k ∈ K,

where (26b) and (10e) are non-convex constraints. The con-
straint (26b) can be expressed as∣∣∣hH

l,lbgkw
(n)
lb

∣∣∣2 α(n)
lbm + alb,mgM

≥
G∑

u̸=m

γm
lb alb,um

∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2α(n)
lbu+γ

m
lb

(
Ilbgk

(
W(n)

)
+σ2

lbgk

)
,

(27)

which can be relaxed similar to (24) as∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2 α(n)
lbm + alb,mgM

≥
G∑

u̸=m

Hm
2,lbu

(
γm
lb , alb,um;(γm

lb )
(n)

, a
(n)
lb,um

)∣∣∣hH
l,lbgkw

(n)
lb

∣∣∣2α(n)
lbu

+ γm
lb

(
Ilbgk

(
W(n)

)
+ σ2

lbgk

)
, (28)

where Hm
2,lbu

(
γm
lb , alb,um; (γm

lb )
(n)

, a
(n)
lb,um

)
is represented as

γm
lb alb,um ≤Hm

2,lbu

(
γm
lb , alb,um; (γm

lb )
(n)

, a
(n)
lb,um

)
≜
1

4
(γm

lb + alb,um)
2 − 1

4

(
(γm

lb )
(n) − a

(n)
lb,um

)2

− 1

2

(
(γm

lb )
(n)−a(n)lb,um

)(
γm
lb−alb,um−(γm

lb )
(n)+a

(n)
lb,um

)
.

(29)

In (10e), the binary constraint alb,ij ∈ {0, 1} can be trans-
formed into an equivalently continuous form as follows [39]:

0 ≤ alb,ij ≤ 1, (30a)

alb,ij − a2lb,ij ≤ 0. (30b)

Since (30b) is a form of difference-convex function, we
can take advantage of the first-order Taylor series expansion
around a

(n)
lb,ij to obtain convex approximation. It is given as

alb,ij − 2a
(n)
lb,ijalb,ij +

(
a
(n)
lb,ij

)2

≤ 0. (31)

However, if (31) is deployed directly, the problem
becomes infeasible and fails to be optimized. Hence,
a penalty parameter ρ > 0 and slack variable
Λ = {λlb,ij ≥ 0,∀l ∈ L,∀b ∈ B,∀i, j ∈ G} are introduced
[40]. Therefore, the approximated problem for a can be
expressed as

max
A,Γ ,R

L∑
l=1

B∑
b=1

G∑
m=1

Rm
lb − ρ

L∑
l=1

B∑
b=1

G∑
i=1

G∑
j=1

λlb,ij (32a)

s.t. alb,ij − 2a
(n)
lb,ijalb,ij +

(
a
(n)
lb,ij

)2

≤ λlb,ij , (32b)

alb,ij + alb,ji = 1, alb,ii = 0, (32c)
(19), (28), (30a), (32d)
∀l ∈ L, ∀b ∈ B, ∀g,m, i, j ∈ G, ∀k ∈ K,

where (32a) and (32b) are equivalent to (26a) and (31),
respectively, when λlb,ij = 0. (32) is also an SOCP as (20)
and (25).

The algorithm based on BCD for solving (10) is summarized
in Algorithm 1. For the relaxation of (32b), the initial value of
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Algorithm 1 The proposed iterative algorithm to solve (10)

1: Set n := 0;
2: Initialization: Feasible starting points of W(n), P(n),

A(n), and Γ (n) and penalty parameter ρ(n);
3: repeat
4: Solve (20) to obtain optimal solution W∗ and Γ ∗ for

given P(n), A(n), and Γ (n);
5: Update W(n) := W∗ and Γ (n) := Γ ∗;
6: Solve (25) to obtain optimal solution P∗ and Γ ∗ for

given W(n), A(n), and Γ (n);
7: Update P(n) := P∗ and Γ (n) := Γ ∗;
8: Solve (32) to obtain optimal solution A∗ and Γ ∗ for

given W(n), P(n), and Γ (n);
9: Set n := n+ 1;

10: Update W(n) := W∗, P(n) := P∗, A(n) := A∗, and
Γ (n) := Γ ∗;

11: Update ρ(n) := min
(
ϵρ(n−1), ρmax

)
;

12: until Convergence;
13: Output W(n), P(n), and A(n).

ρ is set small, but as in [40], it increases by the constant ϵ > 1
until

∑L
l=1

∑B
b=1

∑G
i=1

∑G
j=1 λlb,ij ≈ 0. The convergence of

Algorithm 1 including ρmax can be proven in a similar to
[40]. If there are ρmax and n1 that satisfy

∑
l,b,i,j

∣∣∣λ(n)
lb,ij

∣∣∣ = 0

at the nth iteration larger than n1, then
∑

l,b,m Rm
lb con-

verges. Assuming p
(n)
lb,ij and q

(n)
lb,ij are Lagrangian multipliers

for (32b) and λlb,ij ≥ 0, the following expressions can
be obtained by the Karush-Kuhn-Tucker (KKT) conditions
[37], ρ(n) − p

(n)
lb,ij − q

(n)
lb,ij = 0 and q

(n)
lb,ijλ

(n)
lb,ij = 0. Besides,∑

l,b,i,j

∣∣∣p(n)lb,ij

∣∣∣ can be upper bounded [41] and if ρmax is

greater than the upper bound, n1 satisfying p
(n)
lb,ij < ρ(n) exists

for ∀n > n1. Therefore, q(n)lb,ij > 0 and λ
(n)
lb,ij = 0 for ∀n > n1.

When n < n1, ρ(n) increases at each iteration. Accordingly,
(32) converges and the minimum possible λ(n) is determined.
The solution to (32) is also feasible in the next iteration for
(20). When n > n1, since ρ(n) is fixed and λ(n) = 0, it is
a general BCD-based algorithm. Also, since it is bounded by
power constraints, Algorithm 1 converges after more than n1

iterations.
The complexity of Algorithm 1 based on the BCD method

lies in the complexity of subproblems. We note that the
subproblems are SOCPs with lower computational complex-
ity compared to other nonlinear problems. The complex-
ity of SOCP is related to the number of variables and
the number of constraints [42]. By using an interior-point
method, the numbers of iterations for the subproblems in
Section IV-A, IV-B, and IV-C to reach an acceptable dual-
ity gap are bounded by O

(√
LBG2K

)
, O

(√
LBG2K

)
,

and O
(√

LBG2K
)

, respectively. In addition, the compu-
tational complexity of each iteration for the subproblems
is O

(
L3B3G4K

)
, O

(
L3B3G4K

)
, and O

(
L3B3G6K

)
, re-

spectively.

Fig. 3. Beam topology with multiple clusters and beams for L = 3 and
B = 7.

V. NUMERICAL RESULTS

In this section, we present the simulation results to demon-
strate the superiority of the proposed NOMA multicast
scheme. There is a GEO satellite, L = 3 gateways and beam
clusters, and each beam cluster has B = 7 beams. In terms of
the number of users per beam, we simulated a reasonable and
sufficient number of users, which is comparable with other
multicast multibeam satellite works [5], [18], [33]. As shown
in Fig. 3, it is assumed that users are uniformly distributed in
the beams and utilize the beam topology considered in [18].
Furthermore, we establish that the maximum power of all
antenna feed elements is identical and the maximum power of
all gateways is equal to B times of PFeed

lv

(
i.e., PFeed

ln = P,
PGW
l = BP,∀l ∈ L, ∀n ∈ B

)
[18]. Since noise variance

does not affect the algorithm and its results, we suppose that
all users have the same noise variance σ2

lbgk = κTRBul,
where κ, TR, and Bul are the Boltzmann constant, receiver
noise temperature, and beam bandwidth, respectively [13],
[15]. The system parameters are listed in Table II. The average
user throughput per beam Ravg used for a multibeam satellite
system is given as [14]

Ravg =
2Bul

(1 + β)LB

×
L∑

l=1

B∑
b=1

G∑
m=1

log2

(
1+ min

g∈G,k∈K
SINRm

lbgk(W,Plb,Alb)

)
,

(33)

where β is the roll-off factor.
We compare the proposed multicast scheme with another

baseline scheme, the general OMA scheme. The OMA method
transmits signals to multiple user groups by dividing the time
according to the number of groups within the beam. Similar
to the OMA multicast technique, the SCA-SOCP algorithm
proposed in [18] is employed in accordance with the situation
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TABLE II
SYSTEM PARAMETERS.

PARAMETER VALUE
Satellite height 35,786 km (GEO orbit)

Link frequency band fc = 20 GHz (Ka-band)
Boltzmann constant κ = 1.3807× 10−23

Noise temperature TR = 517 K
User link bandwidth Bul = 500 MHz
Satellite antenna gain 52 dBi

User antenna gain 41.7 dBi
Beam diameter 250 km

3 dB angle 0.4◦

Rain attenuation (µ, σ) = (−3.125, 1.591)
Roll-off factor β = 0.20
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Fig. 4. Average user throughput vs. the maximum power of antenna feed
element for G = 2 and K = 2.

considered in this paper. The SCA-SOCP algorithm results in
higher throughput performance than those suggested in [14]
and [17].

Fig. 4 plots the average user throughput per beam vs. the
maximum power of the antenna feed element. In each beam,
there are two groups with two users per group, i.e., G = 2 and
K = 2. For all two techniques, the throughput increases as a
higher power is available. The proposed NOMA scheme has
higher performance than the OMA scheme. The main reason
for this performance difference is the number of users that can
be covered simultaneously. NOMA employs SC to cover G
user groups in each beam at a time, whereas OMA covers one
group at a time in each beam by dividing time with the TDMA
technique. That is, during a one-time slot, NOMA covers GK
users at the same time, while OMA covers K users. OMA
needs G times more timeslots to cover the same number of
users as NOMA. For the NOMA scheme, each beamforming
vector needs to be optimized for multiple groups of users
because one beamforming vector is used for one beam. On
the other hand, for OMA scheme, it needs to be optimized
for only one group of users. In other words, the beamforming
vector is obtained for G times more user channel information
than OMA in the case of NOMA. Nevertheless, NOMA still
outperforms OMA.
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Fig. 5. Average user throughput vs. the number of users per group for G = 2
and P = 100 W 1.

As shown in Fig. 5, we set the number of groups in
each beam as G = 2 and show the average user throughput
per beam for the number of users per group (K) in the
beams, where the antenna feed element power is fixed at
100 W. As K increases, Ravg decreases in all two techniques
because the precoding vector needs to be adjusted for more
multigroup multicast channels. The gap between NOMA and
OMA schemes also decreases. However, the NOMA scheme
still outperforms the OMA scheme. This is because NOMA
covers more users simultaneously, even if the difference in the
number of users sharing the same precoding vector between
NOMA and OMA gradually increases.

Furthermore, the average user throughput per beam with
respect to the number of groups per beam is investigated. Each
group has two users and the antenna feed element power is
set to 100 W. In Fig. 6, as the number of groups increases
from 1 to 4, the NOMA scheme can transmit more signals
simultaneously, resulting in an increase in the throughput.
However, in the case of the OMA scheme, signals can be
transmitted to only one group per time slot, so the number
of time slots required increases in proportion to the number
of groups. Thus, its throughput remains constant regardless of
the number of groups.

The accurate channel information may not be obtained due
to limited feedback or channel estimation error. It is important
to investigate the impact of imperfection in our proposed
scheme since the channel imperfection might degrade the
performance more severely in our system requiring channel
information of more multigroup multicast users. To consider
those situations, we examine the performance even in the

1The number of users per group was set by referring to other papers on
multicast multibeam SatCom [14], [17], [18], [43], [44], and other technical
reports on DVB-S2X such as [45]. According to [14], if the number of users
per beam to be covered at once is too large, lower performance can be
obtained than the conventional frequency reuse techniques without precoding.
Therefore, if the number of earth stations that can be covered by a beam at
once is exceeded, the users are divided so that the appropriate number of users
is covered for every time slot. By properly dividing the users, the number of
users per frame is not increased too much, and the number of users to be
covered at one time per beam can be kept moderate.
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Fig. 6. Average user throughput vs. the number of groups per beam for K = 2
and P = 100 W.
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Fig. 7. Average user throughput vs. the maximum power of antenna feed
element for different δ.

cases of obtaining channel information of various qualities.
We model the imperfect CSI at the gateways as follows,
h = ĥ + h̃, where h̃ and ĥ are the channel estimate
of the channel vector h and the channel estimation errors,
respectively. The channel estimation error is independent and
identically distributed and independent of the channel estimate.
It follows a complex Gaussian distribution CN

(
0, σ2

e

)
, where

σ2
e = (BP )

−δ [43], [44]. A larger δ value means more
accurate channel information and a value of δ between 0 and 1
is mainly selected. Additionally, we also investigate the effect
of imperfect SIC. In order to calculate the residual interference
due to the imperfect SIC, the error ratio ε > 0 is introduced
and the performance is calculated for several error ratio values
ε ∈ [0, 1], where ε = 0 denotes perfect SIC [46]. The SINR
to which the imperfect SIC is applied can be written as∣∣∣hH

l,lbgkwlb

∣∣∣2αlbm+alb,mgM∑G
u̸=mālb,um

∣∣∣hH
l,lbgkwlb

∣∣∣2αlbu+Ilbgk(W)+σ2
lbgk

, (34)
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Fig. 8. Average user throughput vs. the maximum power of antenna feed
element for different ε.
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Fig. 9. Convergence of Algorithm 1 over a random channel generation for
G = 2, K = 2, and P = 50 W.

where ālb,um = ε if alb,um = 0, ālb,um = 1 otherwise.
In Figs. 7 and 8, we compare the proposed NOMA scheme
with the OMA scheme in the context of considering the
imperfect CSI and imperfect SIC. Fig. 7 shows the average
user throughput per beam according to the channel quality,
where δ = [0.4, 0.6, 0.8]. As the quality of channel infor-
mation decreases, the average throughput of both schemes
decreases, but the proposed NOMA scheme still shows higher
performance than the OMA scheme. Fig. 8 plots the effect
on the imperfect SIC, where ε =

[
10−2, 10−1.5, 10−1

]
. As

the error ratio increases, the performance of the proposed
NOMA scheme decreases. In the high-power region, the
proposed NOMA scheme shows lower throughput than the
OMA scheme. This is because residual interference due to the
imperfect SIC also increases as the transmit power increases.
However, the proposed method can be said to be robust to SIC
capability because the antenna feed element power is mainly
considered around 100 W in realistic SatCom systems.

Finally, we examine the convergence of Algorithm 1 over
a channel realization where we set G = 2, K = 2, and
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P = 50 W. As shown in Fig. 9, we can observe that the
objective function value increases and converges after some
iterations.

VI. CONCLUSION AND REMARKS

In this work, we investigated the application of NOMA to a
multibeam multicast satellite system with multiple gateways.
The precoding vector, power allocation factor, and decoding
order were optimized to reduce inter-beam interference due
to full frequency reuse and improve spectral efficiency. We
formulated the problem to maximize the sum rate under power
constraints. After the optimization problem was converted into
a tractable form, we could find the local optimal solution using
the developed algorithm. Simulation results have demonstrated
that the proposed NOMA scheme outperforms the OMA
method.

When the system of this paper is handled in low earth
orbit (LEO) SatCom, the channel model should be considered
differently from GEO SatCom. Although LEO SatCom has a
shorter propagation delay than GEO SatCom, it experiences a
Doppler shift due to a different orbital period than the Earth’s
rotation period. If the Doppler shift is predicted and compen-
sated effectively as in [47]–[49], the technique presented in
this paper can also be applied to LEO SatCom.
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