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Abstract—Low Earth orbit (LEQ) satellite systems enable
close to global coverage and are therefore expected to become
important pillars of future communication standards. However,
a particular challenge faced by LEO satellites is the high orbital
velocities due to which a precise channel estimation is difficult.
We model this influence as an erroneous angle of departure
(AoD), which corresponds to imperfect channel state information
(CSI) at the transmitter (CSIT). Poor CSIT and non-orthogonal
user channels degrade the performance of space-division multiple
access (SDMA) precoding by increasing inter-user interference
(IUI). In contrast to SDMA, there is no IUI in orthogonal multiple
access (OMA), but it requires orthogonal time or frequency
resources for each user. Rate-splitting multiple access (RSMA),
unifying SDMA, OMA, and non-orthogonal multiple access
(NOMA), has recently been proven to be a flexible approach
for robust interference management considering imperfect CSIT.
In this paper, we investigate RSMA as a promising strategy to
manage IUI in LEO satellite downlink systems caused by non-
orthogonal user channels as well as imperfect CSIT. We evaluate
the optimal configuration of RSMA depending on the geometrical
constellation between the satellite and users.

Index Terms—Low Earth orbit (LEO), Rate-Splitting Multiple
Access, multi-user beamforming, MIMO satellite communica-
tions, beamspace MIMO, angle division multiple access, 3D
networks

I. INTRODUCTION

Mobile networks are currently evolving from being fo-
cused on low-altitude and ground-based devices towards three-
dimensional (3D) networks. Incorporating air- and spaceborne
terminals into the sixth generation (6G) of mobile networks
is expected to lead to ubiquitous global connectivity, a re-
duced carbon footprint of information and communication
technology, and much higher resilience of the terrestrial net-
work infrastructure. An integral step towards this goal is
the integration of non-terrestrial networks (NTN) into the
current infrastructure [1]-[3]. In particular, low Earth orbit
(LEO) satellites have gained a lot of interest due to their
significantly reduced latency, path losses, and deployment
costs compared to conventional high-throughput satellites in
medium Earth orbit (MEO) and geostationary orbit (GEO) [2],
[4]. However, the low altitude of 500 —2000 km causes high
velocities relative to terrestrial components. This is introduc-
ing a host of challenges including high Doppler shifts and
imperfect channel state estimation due to imprecise position
measurement. These obstacles challenge conventional multiple
access schemes like orthogonal multiple access (OMA) and

space-division multiple access (SDMA). The common OMA
scheme since the fourth generation of mobile networks is to
assign orthogonal time or frequency resources for each user,
i.e., a combination of orthogonal frequency-division multiple
access (OFDMA) and time-division multiple access (TDMA)
[5]. However, OFDMA is highly sensitive to Doppler shifts,
while TDMA becomes very challenging for large and time-
varying transmission delays [5]. On the other hand, SDMA
enables higher spectral efficiencies compared to OMA but it
requires multi-user precoding based on recent channel state
information (CSI) in order to mitigate the mutual inter-user
interference (IUI) [6]. The effectiveness of the precoder, and
correspondingly the mutual IUI, depends on the spatial separa-
tion of the users and the accuracy of the CSI at the transmitter
(CSIT). High delays and relative velocities to the users on the
ground impede the acquisition of CSI at the satellites.

A promising multiple access scheme in case of erroneous
CSIT is called rate-splitting multiple access (RSMA). While
unifying SDMA, OMA, and non-orthogonal multiple access
(NOMA) [7], RSMA has been shown to flexibly manage
IUI for a wide range of applications [8]. In RSMA, each
user message is split into a private and a common part.
The common part messages of all users are jointly encoded
into a common data stream for all users. Depending on the
amount of correlation between the user channels and errors
of imperfections, different amounts of power are assigned to
the common and private parts. Originally, RSMA has been
investigated for use in terrestrial networks [9] but has recently
been extended to satellite use cases in [10], [11], among
others. While investigation for terrestrial communications such
as [9], [12] tend to assume a Rayleigh fading channel, satel-
lite communication is better covered by line-of-sight (LOS)
channel models [4], [13]. In [7], the authors investigated
RSMA for different amounts of correlation between the user
channels in a two-user scenario for LOS and Rayleigh fading
channels considering perfect CSIT. Our work complements
their research by expanding their setting to a LEO satellite
downlink scenario. We, therefore, consider a LOS channel
model and introduce an erroneous angle of departure (AoD)
to model imperfect position knowledge at the satellite. Fur-
thermore, we study the optimal power allocation between
common and private parts in RSMA depending on the level
of correlation between the user channels while considering



imperfect position knowledge. We compare the corresponding
RSMA performance to OMA and SDMA. Our results show
that RSMA outperforms both schemes by flexibly managing
the TUL

The paper is organized as follows. Section II presents the
LEO downlink satellite system model as well as the conven-
tional multiple access schemes, SDMA and OMA. Section III
introduces the RSMA approach, which is numerically evalu-
ated in section IV. The results are concluded and discussed in
Section V.

Notation: Lower and upper boldface letters denote vectors
x and matrices X, respectively. {-}T, {-}!! are indicating the
transpose and complex conjugate transpose operator, while o
is the Hadamard product. The Euclidean norm is given by ||-||,
absolute values by | - |.

II. SYSTEM MODEL
A. LOS Channel

In this section, we introduce the LEO downlink LOS system
model as well as the assumed phase error model for imperfect
CSIT. One LEO satellite, equipped with a uniform linear array
(ULA) containing N antennas, serves K users. The users are
handheld devices equipped with a single antenna with low re-
ceive gain G yge,. For the transmission from the satellite to user
k, we assume a LOS channel vector hy, € C'*" and complex
additive white Gaussian noise (AWGN) ny, ~ CN(0,02). The
received signal y; for a given signal vector x and user k is
described by

N
Yk = Y By Xy + g, @)
n=1
where x € CV*1 is the linearly precoded signal vector, which

differs depending on the chosen multiple access scheme and
precoder design.

For LEO satellites the transmission is mainly characterized
by the LOS channel component. A corresponding channel
vector hy, for the k-th user is given by [14]

hy,(cos(6;)) = \/Guseeratﬁe_W’“aE(COS(Qk)% (2)
T

where G,y is the satellite antenna gain, A the wavelength and
dy, the distance from the satellite to user k. The overall phase
shift of the symbols from the satellite to user k is determined
by ¢r € [0,27]. The relative phase shifts between the N
satellite antennas towards user k are described by the steering
vector ay(cos(6x)) = [ak(cos(Ok)), ..., aly (cos(0x))]T, where
0 is the AoD from the ULA origin to user k. Fig. 1 shows
the AoDs 6, and 6;_1 of two users £ and kK — 1 in a LEO
satellite downlink scenario with a satellite altitude dp and inter-
user distance Dy. In general, the n-th element of the steering
vector ay(ny) for user k with a given argument 7, = cos(6y)
is given as

.od
af (ng) = exp IR (WHL=2n)m 3)

Fig. 1. Single satellite scenario with a satellite altitude do and two users k
and k — 1, positioned at the AoDs 60, and 0 _ 1, characterized by the channel
vectors hy, and hy_; and their distance Dy.

where dpn denotes the distance between the satellite antenna
elements.

Due to the high velocity of LEO satellites, a precise estima-
tion of the user positions might not be available at the satellite.
The channel vector hy(cos(6)) of user k with the steering
vector a(cos(fy)) is highly dependent on the AoD 6y, of user
k. In particular, the relative phase shifts between the satellite
antenna elements, which determine the performance of SDMA
precoding, are characterized by the AoDs of the users [15].
We, therefore, model imprecise position measurement as an
erroneous AoD. Instead of adding an error directly on the AoD
01, we consider an additive error on the cos(dy,). This error is a
uniformly distributed additive error €, ~ U(—Aeg, +A¢), that
follows the same distribution for all user k. Therefore, and by
using the definition of the steering vector (3), we can interpret
the additive phase error €, as an overall multiplicative error
ay(ex) on the channel vector hy. Then, the estimated channel
vector ﬁk can be written as

flk(cos(ﬁk)) =hy(cos(6y)) o a(ex). 4)

The precoding will be based on this channel estimation hy,.
In the following subsections, we introduce the multiple access
schemes SDMA and OMA.

B. Space-division multiple access (SDMA)

In SDMA, the user messages are spatially separated by
beams that ideally steer a maximum amount of power into
the user directions while minimizing the interference between
the beams. Therefore, each user symbol sj is weighted by a
precoding vector wj. Because the K users share the same
time and frequency resources, the signal vector x is given as
a superposition of all weighted user symbols

K
X = Zwk5k~ ®)
k=1



We analyze the performance of the different precoding strate-
gies by evaluating their corresponding sum rate R, which
is determined by the signal-to-interference-and-noise ratio
(SINR) of each user k. Assuming Gaussian distributed transmit
symbols, the sum rate is generally formulated as [16],

K 2
h,w
k=1 on + i 1wl

In Section III we extend this formulation to the RSMA method.

The minimum mean-squared error (MMSE) precoder is a
well-established and reliable SDMA precoder [17], [18]. A
corresponding precoding matrix W = [w ... wg] is specified

as
P
W= o W
tr{ W"W'}
; (N
o K -1
W= [ARE o2 2 1y] AR
where H = [h;...hg]" is the complete estimated chan-

nel matrix according to (4). Due to this definition of the
MMSE precoder, the transmit power P is not always equally
distributed among the K users. In particular, the transmit
power of a user k with a bad channel, i.e., hy has a small
euclidean norm, is higher than for those with good channels.
This behavior introduces some fairness among the different
users but does not maximize the corresponding sum rate (6).

C. Orthogonal multiple access (OMA)

To not only evaluate the RSMA approach in comparison
with SDMA precoding, we compare both approaches to an
OMA approach. In OMA, all users receive their symbols via
orthogonal time or frequency resources, such that there is
no IUI on the received signals. In this case, the precoding
approach maximizing the rate of user k is maximum ratio
transmission (MRT). It steers the maximum amount of the
available transmit power per user into its direction. With equal
power allocation among the users, this precoder is given by

~ H
P h
MRT __ k
w == —. ®)
g VK ||

In contrast to the SDMA approach, each user is only assigned
to 1/Kth time or frequency resources, which limits the cor-
responding rate. Thus, the sum rate for OMA becomes

K
ROMA _ 1 Zlo (1 + |thk|2> ©)
K & o2 '
k=1

n

Note that the common OMA approaches OFDMA and TDMA
are highly sensitive to the high Doppler shifts and delays
of LEO satellite communication systems [5]. In this paper,
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Fig. 2. Process Flow Diagram of RSMA. User data is split into a private and
a common part. All common parts are combined into one message, which is
destined for all users.

we neglect these influences on the transmission quality by
assuming a perfect compensation of the effects.

Next, we introduce the RSMA approach and define an
achievable rate, similar to the sum rate, as the corresponding
evaluation metric.

III. RATE-SPLITTING MULTIPLE ACCESS

RSMA flexibly manages IUI by partly decoding the interfer-
ence with successive interference cancellation (SIC) and partly
treating it as noise. To perform RSMA each user message
By, is split into a private part B) ;, and a common part B, j.
Fig. 2 presents a corresponding process flow diagram. In the
following, the index p marks private part entities, whereas c
indicates the common part. After splitting each user’s message
into a private and a common part, the common part messages
B of all K users are combined into one common part
message B.. The common part message B. and all private
part messages {B,;}5_, are encoded into symbols, such
that each user is assigned one private symbol s; and the
common symbol s.. These symbols are precoded linearly and
the resulting transmit vector x € CV*1 follows as [8],

K

X = WS¢ + § Wy kSk,
k=1

(10)

where w, € CV*1 is the common part precoding vector and
wpr € CN*1 is the private part precoding vector of user
k. The design of these precoding vectors is pursued in the
subsequent subsection, followed by the generalization of the
sum rate for the RSMA case.

A. Precoder Design

An important design criterion in RSMA is the optimal
allocation of total transmit power P to the precoding vectors of
the private parts w,, ,, and the common part precoding vector
w,. Therefore, a scaling factor o € [0, 1] is introduced, such
that the power allocation among the precoding vectors is given
by

Iwel|* = P — P

K

11
S wpsl? = P (b
k=1



A scaling factor of a = 1 equals common SDMA precoding,
whereas a theoretical factor of &« — —oo would correspond
to multicast transmission. In order to directly examine the
influence of the scaling factor o on the RSMA performance,
we assume the same precoding methods for any given channel
realization. For the common part precoder w,., we choose a
precoder of the form (12).

r..1n (12)

Though it is not optimized in regard to maximizing the sum
rate, this precoder has the advantage of being independent of
any CSIT. For the private part we apply MMSE precoding
according to (7). In order to fulfill the power constraints from
(11), the transmit power P is reduced to P®, such that the
private part precoding matrix W, follows as

Pa
Wo = —omworn WV
w{WHW'}

r _ [¥7HT s K “len

13)

B. Achievable Rate

To evaluate the performance of RSMA, we need to extend
the sum rate metric to the common part. With the signal vector
x € CV*1 from (10) and (1), the receive signal y is given
by

Yr = hgpwese +hpwy, psp + hy Z Wy i8S + N.
i#k
In RSMA, the common part symbol s. is the first to be
decoded by SIC. This requires additional receiver complexity
compared to SDMA precoding [8]. For perfect SIC, the rate
for the common part symbol R, of user k£ is given by

(14)

5)

hyw,|?
R = log (1+ [hiwe| >,

K
on 2 imn ewp il
that takes the interference of all private parts into account. The

remaining received signal after the successful decoding of the
common part is

Yp,k = hpwy psi, + hy Z Wp,iSi + Ni. (16)
itk

For the residual signal y,, 1, the IUI will be treated as noise,

such that the corresponding private rate I2,, ;, of user k results

m

gl ) (17)
e :
on+ Zi;ﬁk Thyw,i|?

To get an equivalent rate compared to (6), all private part rates
are summed up, and the smallest common part rate is added

R, =log (1 +

TABLE I

SIMULATION PARAMETER
User Number K 2
Satellite altitude do 600 km
Carrier frequency f 2 GHz
Satellite antenna number N 6
Inter-antenna-spacing dn 7.5cm
Satellite antenna gain Gsat 16 dBi
User antenna gain Gluser 0dBi
Noise Power o2 —122dBW
Transmit Power P 20dBW

to guarantee successful common part decoding at all users [8].
The specific sum rate for RSMA precoding calculates as

K
RRSMA min Re . + ZR K (18)

k=1

Note that in this paper, we assume simple common part
precoding (12) and MMSE private part precoding (13). We
do not follow an optimal design based on (18).

IV. NUMERICAL EVALUATIONS

In this paper, we investigate RSMA for a LOS channel
with multiplicative error (4). Given that RSMA was originally
designed for Rayleigh fading channels with additive errors, our
goal is to evaluate its suitability for robust interference man-
agement in LEO satellite downlink scenarios. All numerical
evaluations in this section consider a two-user downlink sce-
nario and the simulation parameters from Table I. This section
is organized as follows. In Section IV-A we evaluate SDMA
and RSMA for different realizations of the deterministic LOS
channel (2) assuming perfect CSIT. In Section IV-B we expand
this evaluation to a scenario with imperfect CSIT, e.g., an error
on the AoDs according to (4).

A. Perfect CSIT

The LOS channel characteristics, as defined in Section II-A,
highly differ depending on the given satellite altitude dj, the
number of transmit antennas [V, their inter-antenna-distance
dpn, and the AoDs of the users. In this paper, we solely focus
on the impact of the AoDs on the channel characteristics. The
AoD 61, see Fig. 1, from the satellite to the first user is 90°.
User 1, therefore, is positioned directly underneath the satellite
with the smallest satellite-to-user distance d; = dy = 600 km.
Whereas the position of user 2, e.g., the AoD 65, is variable.
The difference Af between the AoD 0 of user 2 and the AoD
01 of user 1 is assigned to a corresponding user distance Dj.
Depending on this difference Af and therefore depending on
the user distance Dy, the characteristics of the LOS channel
vary.

We introduce a correlation factor p to quantify the amount
of correlation between the channel vectors of both users,
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Fig. 3. Correlation factor p depending on the User Distance Dy

7

< 6

jan

=3

Q‘ 5

=

L 4

<

o~

3

E

Q2 .

=

S | [ OMA RSMA, a — 0.75
1| |-8-SDMA  ---RSMA.a =05 el

-0- RSMA, opt. === RSI\[A7 a=0 | el

0020 40 60 80 100 120 140 160 180 200

User Distance D;. [km]

Fig. 4. Comparison of Achievable Rates between SDMA, OMA and different
realizations of RSMA depending on the User Distance Dy, for perfect CSIT.
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Accordingly, a correlation factor p = 1 corresponds to aligned
channels, while a correlation factor p = 0 corresponds to or-
thogonal channels. Fig. 3 shows how the amount of correlation
p between the user channels decreases with an increasing user
distance Dy, for D < 200 km.

Fig. 4 depicts the achievable rates of SDMA, OMA, and
RSMA for user distances Dj between 0.5km and 200 km.
SDMA precoding performs best for orthogonal user channels.
The higher the correlation factor p, the higher the IUI, which
cannot be compensated by common SDMA precoding. To
manage this mutual IUI, we apply RSMA. The RSMA ap-
proach is shown for different power scaling factors «. The
larger o the more power is assigned to the private parts, i.e.
a scaling factor a = 1 equals SDMA precoding. RSMA opt.
refers to an optimal ap for each user distance Dy, and is ob-
tained by exhaustive search. RSMA opt. outperforms the OMA
approach for all values of Dy. Further, it is showing strong
performance gains compared to SDMA for user distances Dy,
up to roughly 80 km. For larger user distances RSMA opt. and
SDMA attain the same achievable rate. Therefore, the optimal
a for Dy, > 80km is aopt|p,>s0km = 1. For user distances
Dy, smaller than 48 km, which corresponds to the intersection
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Fig. 5. Comparison of Achievable Rates between SDMA, OMA and different
realizations of RSMA depending on the User Distance Dy, for imperfect CSIT,
e.g., an uniformly distributed additive error ¢ = 0.2 on the cosine of the AoDs
of both users. RSMA, opt. corresponds to the optimal scaling factor aopt
for any given User Distance Dy.

between SDMA and OMA, RSMA opt. follows the line of
RSMA for oo = 0. It can be observed that the performance of
RSMA for ao = 0 and therefore the performance of RSMA opt.
slightly decreases in this area with increasing user distance Dy.
This is due to the likewise decreasing correlation between the
user channels, which is favorable for the transmission of the
private parts but disadvantageous for the transmission of the
common part, which is intended for all users. For & = 0 and an
overall transmit power of P = 20dBW 99 % of the transmit
power is assigned to the common part. Whereas there is no
transmit power in the common part for « = 1. Only for user
distances Dy, between 48 km and 80 km scaling factors other
than zero or one achieve the optimal RSMA performance for
the given precoder designs. In general, it can be concluded that
the higher the correlation between the channels, the smaller
the optimal scaling factor c,p, and vice versa.

B. Imperfect CSIT

To expand the evaluation of RSMA in LEO satellite down-
link scenarios, we now consider a scenario with imperfect
CSIT. Therefore, a uniformly distributed error £ with Ae =
0.2 (see Section II-A) is applied on the cosine of the AoDs
of the users. It can be interpreted as uncertainty in the user
positions. Fig. 5 shows the corresponding achievable rates
for SDMA, OMA, and RSMA averaged over 10000 Monte
Carlo iterations. As expected the performance of common
SDMA precoding is reduced compared to the scenario with
perfect CSIT. The maximum achievable rate, for example,
dropped from 6.1 bps/Hz to 4.5 bps/Hz for a user distance of
Dy = 200 km. Further, in the perfect CSIT scenario SDMA
outperformed OMA for user distances Dy, larger than roughly
48 km, whereas the intersection point for the imperfect CSIT
scenario is at approximately 58 km. Note that the achievable
rate for OMA is also decreased by 13% to 2.7bps/Hz
compared to the perfect CSIT scenario. In contrast to that,



RSMA opt. is able to maintain a rate of at least 3.8 bps/Hz
over the complete interval of Dj. Though the maximum
achievable rate for Dy = 200km of the perfect CSIT case
is not obtained, RSMA opt. still outperforms common SDMA
for user distances up to 120km compared to 80km in the
perfect CSIT scenario. The area in which RSMA prevails over
common SDMA precoding is therefore increased by imperfect
CSIT.

V. CONCLUSION AND DISCUSSION

In this paper, RSMA was applied in a LEO satellite down-
link scenario with a LOS channel and a multiplicative error
on the channel vector. For the precoding of the common and
the private parts, we implemented well-known and feasible
precoding strategies. It was shown that RSMA is able to
flexibly manage IUI for correlated user channels and imperfect
CSIT by adapting its power scaling factor to the given channel
realization. It thereby prevails common SDMA precoding. In
practice, of course, the optimal scaling factor can not be found
by exhaustive search for every channel realization. Therefore,
further study is required on how to utilize RSMA in satellite
communication scenarios.
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