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Multi-Satellite Cooperative MIMO Transmission:
Statistical CSI-Aware RSMA Precoding Design

Sangwon Jo

Abstract—We investigate inter-satellite cooperative transmis-
sion in a multiple low-Earth orbit (LEQO) satellite communication
system to enhance spectral efficiency. Specifically, we design
multiple-input multiple-output (MIMO) precoding at LEO satel-
lites for cooperative rate-splitting multiple access (RSMA).
Given the difficulty of acquiring instantaneous channel state
information (iCSI) due to long delays and Doppler effects, we for-
mulate an ergodic max-min fairness rate (MMFR) maximization
problem based on statistical CSI (sCSI). To address the challenge
of ergodic rate evaluation, we approximate the problem using
closed-form upper bounds and develop a weighted minimum
mean squared error-based algorithm to obtain a stationary
point. Simulation results demonstrate that the proposed sCSI-
based RSMA scheme approaches iCSI-based performance and
significantly outperforms conventional space-division multiple
access.

Index Terms—Satellite communications, cooperative satellites,
massive MIMO, rate-splitting multiple access, statistical CSI.

I. INTRODUCTION

ASSIVE multiple-input multiple-output (mMIMO) uti-

lizes a large number of antennas to deliver reliable
and high data-rate communication links [1]. Several recent
works have investigated mMIMO transmission for satel-
lite communication (SATCOM) using low-Earth-orbit (LEO)
satellites [2], [3], [4], [5], [6], [7]. In particular, [2] studied
the channel modeling and designed downlink precoders and
uplink receivers based on statistical channel state information
(sCSI), recognizing that acquiring instantaneous CSI (iCSI)
is highly challenging in LEO SATCOM due to impairments
such as propagation delay and Doppler shifts, whereas sCSI
remains stable over longer time scales. In [3], it was shown
that single-stream precoding maximizes the ergodic sum rate
even when each user terminal (UT) is equipped with multiple
antennas, owing to the rank-one nature of the channel matrices
between each LEO satellite and UT. In line with the growing
density of LEO satellite constellations [§8], mMIMO transmis-
sion for multi-LEO SATCOM systems has been addressed
n [5], [6], [7]. While [5] and [6] considered coordinated trans-
mission and reception across satellites, where only CSI-related
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parameters are exchanged among satellites, [7] investigated a
fully-cooperative transmission scheme in which multiple LEO
satellites exchange both CSI and UTs’ data via inter-satellite
links (ISLs).

While the aforementioned works focused on conven-
tional space-division multiple access (SDMA) techniques,
the integration of advanced rate-splitting multiple access
(RSMA) technique [9] into SATCOM systems was explored
n [10], [11], [12]. Specifically, [10] addressed RSMA-based
multigroup multicast beamforming in multi-beam SATCOM
systems under imperfect CSI, [11] investigated joint geosta-
tionary orbit (GEO) and LEO precoding and message splitting
in a hybrid GEO-multiple LEO network, and [12] focused on
energy-efficient RSMA design in ISAC-enabled LEO satellite
systems. However, these works did not consider cooperative
transmission among multiple LEO satellites [10], [11], [12],
nor did they address practical optimization with sCSI in light
of challenges in acquiring iCSI [10], [12].

Motivated by these insights, this letter investigates the use
of RSMA for cooperative downlink mMIMO transmission in
a multiple-satellite SATCOM system, leveraging ISLs. Our
objective is to optimize the downlink precoder to maximize
the ergodic max-min fairness rate (MMFR) among UTs,
relying solely on sCSI. To circumvent the computational
burden of estimating the ergodic rate via sample averaging,
we reformulate the problem using a closed-form upper bound
on the ergodic rate. Given the non-convexity of the resulting
optimization problem, we develop a weighted minimum mean
square error (WMMSE)-based algorithm [13]. Numerical
results demonstrate that the proposed RSMA-based coopera-
tive scheme significantly outperforms conventional SDMA and
non-cooperative baselines, achieving performance close to that
with perfect iCSI.

Main contributions of this letter are summarized as follows.

e We consider a multi-LEO SATCOM system with ISLs,
enabling cooperative mMIMO RSMA transmission for
effective interference management.

e Recognizing the challenges in acquiring iCSI, we lever-
age sCSI, which remains stable over longer periods.
We formulate the problem of optimizing the downlink
precoders to maximize the ergodic MMFR among UTs.

e To overcome the challenge of computing ergodic rates,
we reformulate the problem using closed-form upper
bounds. We then develop a WMMSE-based algorithm,
which guarantees a stationary point.

e Through numerical evaluations, we demonstrate that
the proposed sCSI-based RSMA scheme achieves
performance close to that of its iCSI-based counterpart,
outperforming conventional SDMA and non-cooperative
baseline schemes.
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Fig. 1. Illustration of the downlink of multiple-LEO satellite communication
system with S = 4 and K = 10.

II. SYSTEM MODEL

We consider a downlink transmission system in an NTN
comprising multiple LEO satellites, cooperating with each
other via ISLs, and ground UTs as shown in Fig. 1.
Specifically, we consider S LEO satellites at altitude H and K
UTs on the ground. Each satellite is equipped with a uniform
planar array (UPA) of M = MMy antenna elements, where
My and M, represent the number of antennas along the x-
axis and y-axis, respectively. Similarly, each UT is equipped
with a UPA consisting of N = N, Ny elements, where N,/
and Nys denote the number of antennas along the x’-axis and
the y’-axis. We define the index sets of satellites and UTs as
S=1{1,2,...,5} and K = {1,2,..., K}, respectively. The
subset of satellites serving UT k£ € K is denoted by Si, and
the subset of UTs served by satellites s € S is denoted by
Ks. Due to potential overlaps in satellite coverage areas, as
depicted in Fig. 1, we assume cooperative transmission among
satellites to jointly serve UTs within these overlapping regions.

A. Satellite-to-UT Channel Model

The received signal y;, € CN*1 at each UT k is given by
Vi = ZHk,sXs+Zk = Hpx + 2, (1)
sES

where Hy ; € CN*M  denotes the channel matrix from
satellite s to UT k, x, € CM>1 is the transmit signal
vector from satellite s, and zj, ~ CA(0,02I) is the additive
noise vector. We define the aggregated channel matrix H; €
CN*MS and the stacked transmitted signal vector x € CM5x1
across all the satellites as Hy, = [Hy -+ -Hj g] and x =

xiT.. ~xg 14, respectively.
Following [5], the channel matrix Hy,  is expressed as
Hy o = dy.gr, )
where dj, € CN*1 and 8ks € CMx1 denote

the receive and transmit array response vectors at UT
k and satellite s, respectively. The array response vec-
tors for the /-th propagation path, denoted by dj ,; and
8k,s,0, are defined as g ex((ﬁ;s,l) ® ey(qz7s71)
/
and dj ,; = eX’(ql)c(/sl) ® ey (qy ;). where the steer-
ing vector along axis v € {x,y,x,y'} is defined as
—iogdv i 1) %
ey(z) = L(1,eI2mXT TR T ¢ gmvxd
with ¢y ., being the directional cosine of the I/-th prop-
agation path along axis v, n, the number of antennas,
dy the antenna spacing, and A the carrier wavelength.
The directional cosines for the [-th path are given by
X — an gy X y _ y x/ _
s1 = Smek,s,lcosek,s,l’ s = Cosek,s,l’ T,s,0 =
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. , ’ ’
smap?s’lcosgp’,;s’l, and q}és’l coscp%ﬁ’l, where 6’,;8’17
/

HZ’SJ, @’,;:SJ and 90%,3,1 are the angles of the [-th path, as
illustrated in Fig. 1. Given the considerable distance between
LEO satellites and ground UTs, the multipath effects are
predominantly shaped by the scattering environment near the
UT. Therefore, the directional cosines for different paths
associated with the same UT can be approximated as constant,
ie, ¢f,; = 4, and q};S’l = q,};s [2]. As a result, the
transmit array response simplifies to gy s; = 8k, Which
varies slowly over time and is assumed to be known at
satellite s [5].

On the other hand, the receive array response dy, ¢ ; may vary
with the path index /, and the overall receive response vector

dj s is modeled as dj ; = \/ﬂk,s“k,s/(ﬁk,s+1)dk,s,o +
5k73/(nk,5+1)&k75, where dj 5o is the line-of-sight

(LoS) component derived from {gp’,;i 5,00 go%/’ 370} satisfying
sin(cp’];:&o) sin(cp%isvo) = sinay ;. The parameter S
Gsat Gut /(47 Dy, 5/ )2 denotes the average channel power with
the antenna gains Ggsat and Gut, the propagation distance Dy, g,
and the carrier wavelength \. The Rician factor is denoted by
Ki,s > 0, and dj o ~ CN(0,%}, ;) represents the non LoS
(NLoS) component with covariance matrix Xy, ; = 0normalized
such that tr(Xy, ) = 1.

Based on the discussion above, the aggregated channel
matrix Hj, from all satellites to UT k is given by

H; = D;GY, 3)

where Dk = [dk,l' o dk,S]
blkdiag({gx,s }ses) € CM5*5.
We assume that each satellite s independently estimates
the local sCSI to its associated UTs, including the set
{Bk,s» Fk,s5 Bk,s> Ak 5,00 Bk, s Jhek, - Since this sCSI is deter-
mined by relatively stable parameters such as the satellite-UT
geometry, we assume that it remains constant during the
precoding design phase [2]. After estimating sCSI, each satel-
lite subsequently shares its local sCSI with other cooperating
satellites via ISLs. Through this exchange, all participating
S satellites acquire access to the global sCSI required for
cooperative transmission. The delay due to sCSI exchange may
make the shared sCSI outdated, leading to imperfect sCSI. A
robust design with imperfect sCSI is left for future work.

e CNXS and G, =

B. Cooperative RSMA Transmission

To effectively manage inter-UT interference, we adopt the
RSMA framework [9]. Specifically, we define the data stream
vector as m = [mc,mpl,mp,g,...,mpx]T e CE+x1
where m, ~ CN(0,1) represents the common data stream
intended for all UTs, and m,, , ~ CA/(0, 1) denotes the private
data stream intended exclusively for UT k. The common
stream m. decoded by all UTs enables RSMA to manage
interference more flexibly than SDMA [9], as both the beam-
forming vector for m. and the allocation of the common
rate among UTs can be jointly optimized. We assume the
presence of reliable ISLs, which enables the LEO satellites to
cooperatively transmit the data streams m.

At each satellite s, the data stream vector m is linearly
precoded into the transmit signal vector x; using a precoding
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matrix Qs = [des;Ap1,s:-- - Qp,K,s] e CMx(E+D)
where qc s and {q, 1 s}rex denote the common and private
precoding vectors at satellite s, respectively. Defining the
precoding matrix Q € CMS *(K+1) gtacked across all the
satellites as Q = [Q{{ e Qg 14, the transmitted signal vector
x across all satellites is given by

X:Qm:%mc‘i‘ qu,k‘m ko 4
kel
where q, = [qgl .. qg{S]H c (CMSXI and dQpr =

[qﬁk’l- . qﬁk’s]H € CMS5X1_ Each satellite s should satisfy
a per-satellite transmit power constraint stated as ps(Q) =
tr(B (qeq + ek qp’kqﬁk)Es) < P, where P is the
transmit power budget per satellite, and E; € CMSXM g o
selection matrix consisting of zeros except for the rows from
M (s —1)+1 to Ms, which form an identity matrix.

UT k decodes the common data stream m, and its own
private stream m, . using successive interference cancellation
(SIC) decoding. Unlike the private streams, the common
stream should be decoded by all UTs. Accordingly, the ergodic
rates of the common and private streams are given by R, =

mingei fo1(Q) and Ry, . = f,, 1(Q), respectively, where
@ =Eg, , _ [lossdet(1+2 [ Hyacad B )|, (5)
Fo Q) =Egg, 5. o [10g2 det (I + E;inqp,kqg,kaH)] ;

with . = e Hkquq;{lHkH + 021 and B, =
ZlelC\{k} HkquqngkH + ¢21. The function fe,i:(Q) repre-
sents the maximum ergodic rate at which the common stream
m. can be decoded by UT k. The overall data rate for each
UT k is given by Ry = R + Ry i, where R, j > 0 is the
portion of the common data rate allocated to UT &, subject to
the constraint ), -x- R, = Re.

III. PROPOSED SCSI-AWARE OPTIMIZATION

To ensure the fairness among UTs, we aim to optimize the
precoding matrix Q to maximize the MMFR metric,' defined
as mingcx Ry (i.e., the minimum ergodic rate across all UTs),
while satisfying the power constraints at all LEO satellites.
This optimization problem can be formulated as

e kmeilré(Rc,k + Ry k) (62)

st Y Rey<for(Q), k€K, (6b)
lek

Ry < fp(Q), k€K, (6¢)

ps(Q) < P, s €S, (6d)

Aprs =0, if kg Ks, s€S, (6e)

where R = {Rj,l}je{c,p},lelC' The constraint (6e) ensures
that each satellite s has access to the private data streams
intended only for its associated UTs /Cs.

We note that the rate fur}ctions Je, k(Q) and f, k(Q) do not
admit closed-form expressions and typically require compu-
tationally intensive sample-mean approximations of ergodic

IWe note that our approach can straightforwardly be applied to maximizing
the weighted sum-rate ), Ry, which is another widely used fairness-
promoting metric.
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rates. To overcome this difficulty, we approximate the problem
using tractable closed-form upper bounds on the ergodic rates,
as presented in Proposition 1.

Proposition 1 (Ergodic Rate Upper Bounds): The ergodic
rate functions of the common and private data streams, f, ;. (Q)

and f, 1(Q) in (5), are upper bounded as f, 1(Q) < fclf;B(Q)
and f, (Q) < fZ}fE(Q), respectively, where

—1 . .
J23 (Q) = logy det (I +(20F) AracaAY ) , (7a)

£P(Q) = logy det (1 + (2%)—11;1,6%”;{ ni v )
(7b)
Here, we have defined Zg% =D leKk I:qupqugll:lkH + 031,
=% = Cier oy Hrapaf B +02L H = (GiDGf)2
with Dy, = ]E[DkHDk] given as a function of sCSI as D), =
diag({Bys}ses) + D%, and D is given by D]y s =

Bk, Prs 5k,Bh s a1
(Hk,s/J’»l)(Iik,erl) k,s",0
elements are zero.

Proof: To prove f, 1.(Q) < fCUE(Q), we start from

dj, 50 for s # s, while its diagonal

E [logQ det (I + EZinchIZIHi{)}

=E [logz det (051 + (chf + Z qp,zqf,z> HkHHkﬂ

(8a)

lex

—E | logg det UzI + Z qp,qu’lHkHHk (8b)
lek
@) 2 H H H
< loggdet| oI+ | gqeqec + Z dp,19p,1 E[Hk Hk]
lek
—logg det (0’21 + Z qp’qu’lE[HkHHk]) , (8¢)
lek

where the expectation is taken over {(Aik, stscs» and (a) follows
from the concavity of the function f(X) = logy det(I+AX)—
log, det(I+BX) for A—B = 0 [14, Lemma 2], and by apply-
ing Jensen’s inequality. By substituting E (A Jecs [HkH H,| =

HIH, into the right-hand side (RHS) of (8c), we obtain the
desired upper bound f. ;(Q) < fCUkB(Q). The other upper

bound f, 1(Q) < f;{}?(Q) follows similarly by replacing the
interference terms accordingly. |

Note that the upper bounds in (7) are provided in closed-
form expressions and do not involve the expectation operator.
Using these upper bounds, the original problem (6) is approx-
imated as”

wax min(Re + Ryp) (%)
st Y R < fUPQ) k ek, (9b)
lex
Ry <[k (Q) k€K, 9¢)
(6d), (6e). (9d)

2Since the MMFR optimized from (9) is not guaranteed to be achievable,
the ergodic rate functions f, (Q) and f, ;,(Q) should be evaluated after
optimization to assess the actual performance.
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Although the reformulated problem (9) is more tractable
than (6), it remains non-convex due to the constraints (9b)
and (9c). In what follows, we propose a WMMSE-based
algorithm to address this challenge.

The upper bound rate function fg,?(Q) in (7a) measures
the achievable rate of the common data stream_m. when
decoded from the virtual received signal y. = Hpqeme +
D olek ICqup,lmpJ—&—zk, where flk is a known sCSI-dependent
matrix, as defined in Proposition 1. Similarly, the private
upper bound rate pr,]E(Q) in (7b) corresponds to decod-
ing the priYate stream my, . from y, ;. = I:qu%km%k +
2ter\ (k) Help,imp 1 + 2.

With the observation above, we address problem (9)
using the WMMSE approach. Specifically, we define the
mean squared error (MSE) functions for the common and
private data streams as e;p(ucx,Q) = Emg,[me —
ugki'c,kIQ] = 1 - ungch|2 + ugkﬁg}?uc,k, and
ep,k(up,ka) = Em,zknmp,k - ugkyp,kp} = 1 -
uﬁkﬁkanﬁ + ug’“ﬁ%u"’k’ respectively, where u,; €
CMSX1 and u,, cC §x1 represent combining vectors.

Using the MSE expressions, the rate constraints in (9b)
and (9c) can be equivalently rewritten as

{ln Ve,k — vc,kec,k(uc,kaQ) + 1},

Z R.;In2 < max
ier Ve, k>0,uc k
(10a)
Rpyln2< —max {m Up,k = Up,kep,k (Up,k, Q) + 1}7
(10b)

for k € I, where v, ;, and vy, j, are weight variables associated
with the respective MSE functions. The optimal combining
vectors and weight values, that maximize the RHSs of (10),
for given Q are given by

R . —1.

wey = (Bpaca/BY +20F) Hiqe, (11a)
R R ~1.

u, = (Hkqp,kqngkH + 2},{%) Hiap g,  (11b)

Ve k = 1/ec,k (uc,ka Q)7 Upk = 1/€p,k (up,ka Q)(l 1¢)

Accordingly, problem (9) can be equivalently restated as

in(R R 12
Qoax  min(Re + Ry,x) (122)
s.t. (10a), (10b), (6d), (6e), (12b)
Ve > 0,0, >0, k€K, (12¢)

where u = {w;;}iciepyiexc and v = {v;i}iciep) ek
Note that for fixed auxiliary variables {u, v}, the optimization
over the beamforming matrix Q in (12) becomes convex
and can be efficiently solved using standard convex solvers
such as CVX [15]. Conversely, for a fixed Q, the optimal
{u, v} can be obtained in closed form as in (11). Therefore,
the objective function can be monotonically improved by
alternately updating the block variables Q and {u,v}. The
detailed procedure of the WMMSE algorithm is summarized
in Algorithm 1.

The per-iteration complexity of Algorithm 1 is primarily
dominated by that of solving the convex problem in Step 4
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Algorithm 1 Proposed sCSI-Aware WMMSE Algorithm

1 Initialize: Initialize Q such that (6d) and (6e) are satisfied;
2 Repeat

3 update {u, v} as per (11) with Q fixed;

4 update {Q,R} as a solution of (12) with {u, v} fixed;

5 Until convergence

of each iteration, which is upper bounded by (’)(nv(n:{’, +
nco)loge) [16, p. 4], where ny denotes the number of
optimization variables, n represents the number of arithmetic
operations required to compute the objective and constraint
function, and € is the desired error tolerance level. For the
convex problem in Step 4, we have ny = O(KMS) and
no = O(K?M383). Additionally, we numerically confirmed
that Algorithm 1 consistently converges within a few iterations
across all simulated cases.

I'V. NUMERICAL RESULTS

This section presents numerical results to validate the
effectiveness of the proposed algorithm. Each satellite operates
at an altitude of H = 600 km and has a maximum nadir
angle Yyq; = 30°, resulting in overlapping service areas.
The system operates at a carrier frequency of 2 GHz with
a bandwidth of 50 MHz, and the noise temperature is set
to T, = 290 K. We consider antenna configurations of
[Mx, My, Nys, Ny/] = [5,5,4,4] with antenna spacings being
[dx, dy, dyr, dyr] = [A, A, %, %} The antenna gains are set to
[Gsat, Gut] = [6,0] dBi. The Rician factor follows the S-
band suburban scenario specified in [17]. UTs are randomly
distributed within the combined service areas of the satellites.
The maximum elevation angle aax is determined by the
maximum nadir angle Y,,x, and the corresponding maximum
distance Dp,ax defines the coverage boundary of each satellite.
The association between satellites and UTs is established
based on the distance Dy, : if UT k falls within the service
area of satellite s (i.e., Dy s < Dmax), then UT k and
satellite s belong to K and Sy, respectively. The covariance
matrix of the NLoS component 2;673 is set as 21“5 =
diag({pn }N_1) with f1 = fin/ S0 fig, where i1, ..., fiy
are independently sampled from 2/(0,1). The noise variance
ag is given by kp T, B with the Boltzmann constant kp.

To validate the effectiveness of the proposed sCSI-aware
design for the multi-satellite cooperative RSMA transmission
scheme, we compare the average MMFR achieved by RSMA
and SDMA under both iCSI and sCSI conditions. For the
sCSI case, we utilize the upper bounds on the ergodic rates
for precoding optimization, as detailed in Section III, while
the MMFR performance of the resulting precoding matrix is
evaluated using the actual ergodic rate functions, computed via
sample-mean approximation with 20,000 channel realizations.
As a baseline, we also show the performance of precoders
designed solely based on the LoS components, i.e., directional
CSI (dCSI). Additionally, we include the performance of non-
cooperative transmission schemes, where each UT is served
solely by its nearest satellite. The performance of SDMA is
evaluated by setting the beamforming vector for the common
data stream to a zero vector, i.e., q. = 0.
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Fig. 2. Average MMFR versus transmit power P.
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Fig. 3.  Average MMFR versus the number of satellites S.

Fig. 2 illustrates the average MMFR as a function of
satellite transmit power, for a SATCOM system with S = 4
and K = 6. For both cooperative RSMA and SDMA schemes,
the sCSIl-aware design achieves performance that closely
approaches that of the iCSI-based design. This is primarily
due to the rank-1 nature of the channel matrices, as described
in (2), where the basis vector gy, ; of the one-dimensional row
space of Hy ; is included in the sCSI set. The performance
gain of RSMA over SDMA becomes more pronounced as the
transmit power P increases. This is because the signal-to-noise
ratio (SNR) at the UTs increases with P, and at higher SNRs,
interference, which is more effectively handled by RSMA than
SDMA, becomes the main performance bottleneck rather than
noise. Moreover, the performance gap between RSMA and
SDMA is more significant in the multi-satellite cooperative
scenario enabled by ISLs, compared to the non-cooperative
transmission case. This highlights the synergistic benefits
of combining RSMA with cooperative satellite transmission
strategies. The performance loss of the dCSI case compared
to sCSI is more pronounced at SDMA than RSMA, indicating
that the RSMA scheme is more robust to CSI imperfections.

Fig. 3 shows the average MMFR while increasing the number
of LEO satellites S, for a SATCOM system with K = 6 and
P =15 dBW. As the number of satellites increases, each UT
is more likely to fall within overlapping coverage areas of
multiple satellites. This leads to improved SNR at the UTs,
resulting in more pronounced performance gains of RSMA
over SDMA. Furthermore, as satellite density increases with
larger S, the benefits of inter-satellite cooperation enabled by
ISLs become more evident. These observations support the

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 14, NO. 11, NOVEMBER 2025

effectiveness of the proposed approach that integrates RSMA
with multi-satellite cooperative transmission, particularly in
large-scale satellite constellations such as Starlink and OneWeb.

V. CONCLUSION

We have studied the design of mMIMO precoding at LEO
satellites for inter-satellite cooperative RSMA transmission.
Considering the challenges in acquiring iCSI in SATCOM,
we based the precoding design solely on sCSI. To handle
the difficulty of computing ergodic rates, we approximated
the ergodic MMFR maximization problem using closed-form
upper bounds and developed a WMMSE-based algorithm.
Numerical results demonstrate that the proposed sCSI-based
scheme closely approaches the performance of the iCSI-
based counterpart, except in scenarios dominated by NLoS
components. Furthermore, the performance gain of RSMA
over SDMA becomes more significant when combined with
inter-satellite cooperative transmission.

REFERENCES

[1] E. Bjornson and L. Sanguinetti, “Making cell-free massive MIMO com-
petitive with MMSE processing and centralized implementation,” /[EEE
Trans. Wireless Commun., vol. 19. no. 1, pp. 77-90, Jan. 2020.

[2] L. You, K.-X. Li, W. Gao, X.-G. Xia, and B. Ottersten, “Massive MIMO
transmission for LEO satellite communications,” IEEE. J. Sel. Areas
Commun., vol. 38, no. 8, pp. 1851-1865, Aug. 2020.

[3] K-X. Li et al, “Downlink transmit design for massive MIMO
LEO satellite communications,” IEEE Trans. Commun., vol. 70, no. 2,
pp. 1014-1028, Feb. 2022.

[4] L. You et al., “Beam squint-aware integrated sensing and communica-
tions for hybrid massive MIMO LEO satellite systems,” IEEE. J. Sel.
Areas Commun., vol. 40, no. 10, pp. 2944-3009, Oct. 2022.

[5] Z. Xiang, X. Gao, K.-X. Li, and X.-G. Xia, “Massive MIMO downlink
transmission for multiple LEO satellite communication,” IEEE Trans.
Commun., vol. 72, no. 6, pp. 3352-3364, Jun. 2024.

[6] Z. Xiang et al., “Massive MIMO uplink transmission for multiple LEO
satellite communication,” IEEE Trans. Aerosp. Electron. Syst., vol. 61,
no. 2, pp. 4852-4865, Apr. 2025.

[71 X. Zhang, S. Sun, M. Tao, Q. Huang, and X. Tang, “Multi-satellite
cooperative networks: Joint hybrid beamforming and user scheduling
design,” IEEE Trans. Wireless Commun., vol. 23, no. 7, pp. 7938-7952,
Jul. 2024.

[8] M. Y. Abdelsadek et al., “Future space networks: Toward the next
giant leap for humankind,” [EEE Trans. Commun., vol. 71, no. 2,
pp- 949-1007, Feb. 2023.

[9] J. Park et al., “Rate-splitting multiple access for 6G networks: Ten

promising scenarios and applications,” IEEE Netw., vol. 38, no. 3,

pp. 128-136, May 2024.

L. Yin and B. Clerckx, “Rate-splitting multiple access for multigroup

multicast and multibeam satellite systems,” IEEE Trans. Commun.,

vol. 69, no. 2, pp. 976-990, Feb. 2021.

Y. Xu, L. Yin, Y. Mao, W. Shin, and B. Clerckx, “Distributed rate-

splitting multiple access for multilayer satellite communications,” /IEEE

Trans. Commun., vol. 72, no. 10, pp. 6131-6144, Oct. 2024.

Z. Liu, L. Yin, W. Shin, and B. Clerckx, “Rate-splitting multiple access

for quantized ISAC LEO satellite systems: A max-min fair energy-

efficient beam design,” IEEE Trans. Wireless Commun., vol. 23, no. 10,

pp. 15394-15408, Oct. 2024.

S. S. Christensen, R. Agarwal, E. De Carvalho, and J. M. Cioffi,

“Weighted sum-rate maximization using weighted MMSE for MIMO-

BC beamforming design,” IEEE Trans. Wireless Commun., vol. 7,

no. 12, pp. 4792-4799, Dec. 2008.

C. Sun, X. Gao, M. Matthaiou, Z. Ding, and C. Xiao, “Beam division

multiple access transmission for massive MIMO communications,” I[EEE

Trans. Commun., vol. 63, no. 6, pp. 2170-2184, Jun. 2015

M. Grant and S. Boyd. “CVX: MATLAB software for disciplined convex

programming.” Jan. 2020. [Online]. Available: https://cvxr.com/cvx/

A. Ben-Tal and A. Nemirovski, “Lectures on modern con-

vex optimization,” Lecture Notes, Georgia Inst. Technol., Atlanta,

GA, USA, 2019. [Online]. Available: https://www2.isye.gatech.edu/

nemirovs/LMCO_LN.pdf

“Study on new radio (NR) to support non-terrestrial networks (Release

15),” 3GPP, Sophia Antipolis, France, Rep. 38.811, Jul. 2020.

[10]

(11]

[12]

[13]

[14]

[15]
[16]

[17]

Authorized licensed use limited to: Jeonbuk National University. Downloaded on December 03,2025 at 02:30:15 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


