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Abstract—Satellite communication (SatCom) is regarded as
a key enabler for bridging connectivity and capacity gaps in
sixth-generation (6G) networks. However, the proliferation of
Low Earth Orbit (LEO) satellites raises significant intersystem
interference risks with Geostationary Earth Orbit (GEO) sys-
tems. This paper introduces a cooperative multi-satellite multi-
reconfigurable intelligent surface (RIS) transmission framework
to mitigate such interference while enhancing LEO SatCom
performance. Specifically, cooperative beamforming is designed
under a non-coherent cell-free paradigm, considering both adap-
tive and max ratio (MR) precoding, as well as statistical and two-
timescale channel state information (CSI), aiming to synthesize
the advantages of cell-free and RIS into SatCom in a practical
way. Firstly, an alternating optimization (AO)-based design lever-
aging statistical CSI with adaptive precoding is proposed. Then,
we propose a power allocation algorithm under MR precoding
with given RIS phase shifts obtained from the former, along with
a direct two-stage design bypassing prior results. Additionally, we
extend derived closed-form expressions and proposed algorithms
to exploit two-timescale CSI. Numerical results demonstrate the
impact of intersystem interference mitigation constraints, com-
pare the performance of proposed algorithms, draw insights into
the effects of transmit power, interference threshold, and Rician
factors, validate SatCom performance enhancements achieved by
RISs, and discuss the advantages of multi-satellite cooperation.

Index Terms—reconfigurable intelligent surface, Low Earth
Orbit satellite communication, cooperative beamforming, co-
frequency interference mitigation, multi-satellite cooperation.

I. INTRODUCTION

While the terrestrial fifth-generation (5G) system has been
deployed and operated, capacity gaps remain in sparsely
populated and geographically isolated areas. In this context,
satellite communication (SatCom) is regarded as a key enabler
to provide ubiquitous connectivity and capacity in-fill in the
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future sixth-generation (6G) blueprint [1]. According to differ-
ent orbital altitudes, two major types of SatCom systems are
Geostationary Earth Orbit (GEO) and Low Earth Orbit (LEO)
systems. GEO satellites, positioned approximately 36,000 kilo-
meters above the Earth’s equator, remain stationary relative
to the Earth’s surface, providing coverage over vast regions.
Conversely, LEO satellites operate at lower altitudes and fast
speeds, covering smaller areas but offering lower latency and
higher capacity. In recent years, the mature manufacturing
and launch process has led to a rejuvenation in LEO SatCom
constellations [2]. Formed by mega-scale nodes in space, LEO
constellations are expected to provide seamless coverage and
broadband interactive data services.

However, the development and deployment of SatCom
systems are driving a proliferation of active LEO satellites. For
instance, SpaceX’s Ku and Ka-band constellation is projected
to include approximately 12,000 LEO satellites in its initial
phase, potentially expanding to 42,000 satellites [3], and over
5,600 of them have already operated in orbit. This ever-
increasing number raises concerns about potential harmful
intersystem interference between LEO and GEO systems.
Such interference may degrade communication performance
or cause failure in GEO systems due to their fixed position and
severe path loss [4]. Among the various interference types, co-
frequency interference is a primary concern, occurring when
different systems share the same frequency band. Particularly,
when an active LEO satellite passes through the line-of-sight
path between an Earth station and its corresponding GEO
satellite, the GEO system may suffer overwhelmed downlink
interference, termed as in-line events by the International
Telecommunication Union (ITU) [5].

To avoid severe interference events like in-line events, ITU
has established strict standards for interference avoidance on
GEO satellites operating under LEO-GEO spectrum sharing
scenarios [6]. Therefore, various techniques have been devised
for this imperative intersystem interference mitigation require-
ment. In the frequency domain, interference coordination and
frequency allocation can be performed when satellite systems
are cooperative. Alternatively, cognitive radio (CR) technolo-
gies enable dynamic spectrum sharing over co-frequency LEO
and GEO systems [7]. In the power domain, controlling
transmit power to satisfy interference protection constraints
for GEO terminals (GTs) is a direct approach, which can be
cognitive or non-cognitive, typically combined with modula-
tion and coding adaption to maintain LEO system availability



[8]. In th Spatial domain, initially, for satellites with a single
wide beam, the ITU recommends spatial isolation based on
link separation or exclusion angles. Subsequently, a side-look
strategy using beam sidelobes for communication ensures LEO
system availability by leveraging satellite diversity [9].

Recently, with the application of advanced antenna tech-
niques like phased arrays, high-throughput multibeam satellite
systems (MSSs) with flexible beam coverage have become
prevalent in the new space era, promoting beam hopping and
satellite precoding to emerge as current research hotspots [10].
Through proper design, these multibeam techniques can also
be utilized to develop ‘evolved’ spatial domain strategies for
intersystem interference mitigation [11]. Among MSSs, the
precoded MSS with full frequency reuse (FFR) stands out
for superior communication potential, considered one of the
most promising choices for next-generation SatCom systems.
Specifically, the downlink, i.e, forward link, part in a precoded
MSS represents a multiuser multiple-input multiple-output
(MIMO) system, efficiently utilizing available bandwidth over
sufficiently separated beams while maintaining a low multiuser
interference [12]. Existing research studies various precoding
designs with practical constraints in SatCom [13].

The evolution of MIMO technology in precoding MSSs
mirrors cellular massive MIMO (mMIMO) and cell-free sys-
tems in terrestrial networks, progressing in two directions:
centralized/single-satellite mMIMO and distributed/multi-
satellite cooperative transmission. A mMIMO channel model
and transmission scheme for LEO SatCom is proposed with
statistical CSI-based precoding and receiving [14]. Then, for
planar array user terminals, the rank-one channel matrix
makes single-stream precoding optimal for maximizing system
throughput [16]. Similar to cell-free systems, multi-satellite
cooperation transmission offers high spectral efficiency due to
spatial diversity [17]. Particularly, in LEO-GEO coexistence
scenarios, LEO systems can leverage satellite diversity and
beamforming gain to improve communication performance
and mitigate intersystem interference. Nevertheless, synchro-
nization between satellites may hinder the practicality of
cooperation. A position-based precoding and receive equalizer
designs for multi-antenna ground stations in a LEO multi-
satellite system is proposed in [18] without addessing syn-
chronization issues. To tackle time-frequency asynchrony, a
spatial linear receiver method is introduced in [19]. In addition,
hybrid beamforming multi-satellite transmission frameworks
with user scheduling can be utilized for reducing complexity
and power consumption [15]. However, to ensure favorable
performance, applying a cell-free paradigm in SatCom requires
large-scale satellite deployment and substantial hardware and
power expenses [20]. This poses challenges due to severe path
loss in satellite links and fewer satellites compared to terres-
trial cell-free systems, potentially resulting in unsatisfactory
energy efficiency or received signal strength.

Fortunately, reconfigurable intelligent surface (RIS), a dis-
ruptive technique springing up in wireless communications,
has been deemed a solution to the above problems [21].
Specifically, through passive beamforming via element-wise
phase shift designs at the RIS, favorable reflecting paths can be
introduced to enhance received power and spectral efficiency

for existing wireless systems [22]. Notably, since RIS does
not require extra hardware implementation, its integration into
cell-free systems can enhance performance with low cost and
power consumption [23]. Research on RIS-aided cell-free sys-
tems has demonstrated improvements in capacity and energy
efficiency [24]. Similarly, by incorporating RIS in ground
segments with properly designed phase shifts, multi-satellite
cooperation SatCom systems can benefit from improved link
budget and signal processing capability. Particularly in LEO-
GEO spectrum sharing scenarios, RIS can compensate for per-
formance losses caused by LEO-GEO interference mitigation,
thereby improving the availability of the LEO system. To the
authors’ knowledge, although some studies have investigated
RIS-aided SatCom for relaying in blockage scenario [25]-
[27], improving the signal-to-noise ratio [28],[29], physical
layer security [30]-[33], covert communication [34],[35], and
satellite-ground integrated/relay networks [36]-[38], literature
on exploring this multi-satellite multi-RIS cooperative frame-
work remains limited.

From a technical perspective, cooperative beamforming in
RIS-aided cell-free systems have utilized various types of CSI
[39], including instantaneous [24], pure statistical [40]-[42],
and two-timescale CSI [43]. Pure statistical are practical due
to its lower channel estimation overhead requirement. Specifi-
cally, [40] provides closed-form approximations for achievable
rates of RIS-assisted mMIMO systems under the Rician chan-
nel and statistical CSI, allowing joint power control and phase
shift design to maximize the ergodic capacity of multi-user
and multi-cell MISO systems [41],[42]. To reduce channel es-
timation overhead while retaining performance gains, the two-
timescale transmission protocol is introduced into RIS-assisted
wireless systems by using slow-varying statistical CSI for RIS
passive beamforming and instantaneous superimposed CSI for
active beamforming [43]. Generally, adaptive precoding and
max ratio (MR) precoding are considered, with the former
offering higher optimization flexibility and the latter reducing
system overhead and effectively exploiting two-timescale CSI
[23]. However, specific characteristics of SatCom are not ac-
counted for. Firstly, existing works typically assume coherent
transmission, requiring perfect synchronization between trans-
mitters, which is unrealistic in SatCom systems. Secondly,the
LEO-GEO intersystem interference is quite likely to occur,
due to the natural broadcasting characteristics, yet mitigating
this interference is not addressed. Lastly, fairness, an important
metric in SatCom, is ignored in many existing studies, which
primarily focus on improving sum rates.

Motivated by the observations above, this paper investigates
RIS-aided LEO SatCom with LEO-GEO intersystem interfer-
ence mitigation. Specifically, the system explores the coopera-
tive operation of multiple LEO satellites in the space segments
and multiple RISs in the ground segments, employing jointly
designed active and passive beamforming to enhance SatCom
performance within a non-coherent cell-free MIMO paradigm
while suppressing LEO-GEO co-frequency interference. The
main contributions of this paper can be summarized as follows:
• First, we formulate cooperative beamforming optimiza-

tion problems considering adaptive and MR precoding,
as well as statistical and two-timescale CSI under a non-



coherent cell-free paradigm to synthesize the advantages
of cell-free and RIS into SatCom in a practical way.

• Second, we propose an alternating optimization (AO)-
based cooperative beamforming design leveraging pure
statistical CSI with adaptive precoding, resorting to frac-
tional programming and manifold optimization methods.

• Third, we propose a cooperative beamforming design
under MR precoding, where a closed-form optimization
problem is derived, and power allocation is performed
with given RIS phase shifts obtained from the adaptive-
precoding case.

• Fourth, we propose a two-stage design under MR precod-
ing that does not require adaptive precoding results. Here,
we develop an iterative algorithm for RIS phase shift
optimization using exponential smoothing, sum-square
penalty, and manifold optimization techniques.

• Last, we extend closed-form expressions and proposed
algorithms for cooperative beamforming exploiting two-
timescale CSI, i.e., instantaneous CSI at LEO satellites
and statistical CSI at RISs.

In the following, Section II introduces the system model
and problem formulation. Section III presents the AO-based
algorithm exploiting statistical CSI and adaptive precoding.
Section IV proposes a power allocation design precoding using
given RIS phase shifts, and Section V outlines the two-stage
design under MR precoding. Section VI extends the algorithms
to exploit two-timescale CSI, followed by numerical results in
Section VII and conclusions in Section VIII.

Notations: Scalars are denoted by italic letters, and vectors
and matrices are denoted by bold-face lower and upper-case
letters, respectively. Cx×y denotes the space of complex matri-
ces. For a complex-valued scalar x, |x| denotes its modulus.
For a complex-valued vector x, ‖x‖ denotes its Euclidean
norm, x† denotes its conjugate, and diag (x) denotes a diago-
nal matrix with each diagonal element being the element in x.
The distribution of a circularly symmetric complex Gaussian
random vector with mean vector x and covariance matrix
Σ is denoted by CN (x,Σ). The Euclidean gradient of a
scalar function f(x) with a vector variable x is denoted by
∇f(x). For a square matrix S, tr (S) denote its trace. For
any general matrix, MH , rank (M), and [M ]i,j denote its
conjugate transpose, rank, and (i, j)th element,respectively. I
and 0 denote an identity and an all-zero matrix, respectively.
Re(·) denote the real part of a complex number. � denotes the
Hadamard product. E(·) stands for the expectation operation.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As illustrated in Fig. 1, we consider a LEO and GEO
spectrum-sharing scenario. J multibeam LEO satellites, each
equipped with N = Nr × Nc uniform planar array (UPA)
transmit antennas, operate cooperatively to provide unicast
services to U fixed single antenna LEO users (LUs). The
single antenna assumption for terminals is made to clarify
the fundamental behavior of our proposed schemes and aligns
with many existing works in SatCom, cell-free, and RIS-
aided systems [13],[14],[17],[20],[23],[24]. While the multi-
antenna terminal configuration is more generalized and used in
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Fig. 1. Multi-satellite multi-RIS LEO-GEO spectrum-sharing systems.

some works to enhance SatCom performance, our focus is on
the proposed RIS-aided multi-satellite transmission scheme,
and its extension to include multi-antenna terminals will be
addressed in future work. To improve spectral efficiency, the
LEO satellites adopt FFR and employ linear precoding to
mitigate intrasystem inter-beam interference and LEO-GEO
intersystem interference. Simultaneously, the GEO satellite
uses the same frequency band, delivering broadcasting services
to K fixed GTs.

To enhance LEO SatCom performance, U distributed RISs
are employed around each LU in the ground segments. Each
RIS consists of M = Mr ×Mc reflecting subsurfaces, and
each subsurface comprises a number of adjacent elements
inducing an identical phase shift to incident signals for high
aperture gain. We assume the RISs are cooperatively controlled
via onboard processing through reliable backhaul links. Each
RIS reflects signals primarily to its specified adjacent LU,
which corresponds to a user-specific deployment referred to
as [44]. The coverage area of a satellite beam is significantly
larger than that of a terrestrial cellular network, leading to
considerable geographical distances between simultaneously
scheduled users [12]. Given the multiplicative path loss nature
of the RIS, the reflected signals from a RIS to non-dedicated
users in different beams are almost negligible [45]. In satellite
communication scenarios, RISs can be strategically deployed
on the ground to cover a large service area with T ground
users. We consider a subset of U users at any given time,
where U is the number of available RISs. Different sets of
U users from the total T users are served in different time
slots, eliminating the need to deploy as many RISs as total
users. This strategy is both economically feasible and practical,
effectively serving multiple users over time with a manageable
number of RISs

A. Channel Model

Denote the set of LUs, GTs, and LEO satellites as U =
{1, . . . , U}, K = {1, . . . ,K}, and J = {1, . . . , J}, respec-
tively. We model the channels of satellite-to-ground and RIS-
enabled reflecting links. For the sake of illustration, we use
LEO systems as an example. To describe the channel with
a strong line-of-sight (LoS) path, the Rician fading model is
adopted for all channels involved. Specifically, the equivalent
baseband channels from j-th LEO satellite to u-th RIS, from



j-th satellite to u-th LU, and from a RIS to its adjacent
LU are denoted by GLR,ju ∈ CN×M ,hLL,ju ∈ CN×1, and
hR,u ∈ CM×1, respectively, as follow

hLL,ju=

√
µLL,ju

1+κLL,ju

(√
κLL,juh̄LL,ju+h̃LL,ju

)
, (1a)

hR,u =

√
µR,u

1+κR,u

(√
κR,uh̄R,u+ h̃R,u

)
, (1b)

GLR,ju =

√
µLR,ju

1+κLR,ju

(√
κjuḠLR,ju +G̃LR,ju

)
, (1c)

where κLL,ju, κR,u and κLR,ju are Rician factors, µLL,ju,
µR,u, and µLR,ju are the large-scale path-loss coefficient
between the satellite and LUs, the RIS and LUs, and the
satellite and the RIS, respectively. h̄LL,ju, h̄R,u, and ḠLR,ju

are normalized phase-only LoS components of corresponding
channels, which can be readily obtained from space angle
or position information [23]. Specifically, for j-th LEO
satellite and u-th LU, we denote the array response of UPAs
ḠLR,ju = aTM (ϑAoA1,ju, ψAoA1,ju) aN (ϑAoD,ju, ψAoD,ju),
h̄R,u = aTM (ϑAoA2,u, ψAoA2,u), and h̄LL,ju =
aTN (ϑAoA3,ju, ψAoA3,ju), where ϑAoA1,ju and ϑAoA2,ju

are the azimuth angles of arrival (AoA) to the u-th RIS, and
ψAoA1,ju and ψAoA2,ju are the elevation AoAs to the u-th
RIS, ϑAoA3,ju and ψAoA3,ju are the azimuth and elevation
AoA to the j-th satellite, respectively, and ϑAoD,ju and
ψAoD,ju are the azimuth and elevation angle of departure
(AoD) form the j-th satellite, respectively [20]. Besides,
aN (ϑ, ψ) = [1, . . . , ej2π

d1
λ (nr cos(ϑ) sin(ψ)+nc sin(ϑ) sin(ψ)),

. . . , ej2π
d1
λ ((Nr−1) cos(ϑ) sin(ψ)+(Nc−1) sin(ϑ) sin(ψ))] and

aM (ϑ, ψ)=[1, . . . , ej2π
d2
λ (mr cos(ϑ) sin(ψ)+mc sin(ϑ) sin(ψ)), . . . ,

ej2π
d2
λ ((Mr−1) cos(ϑ) sin(ψ)+(Mc−1) sin(ϑ) sin(ψ))] are the array

response with d1 being the satellite antenna spacing and d2
being the RIS elements spacing, and λ is the wavelength.
On the other hand, h̃LL,ju, h̃R,u, and G̃LR,ju are the NLoS
Rayleigh components, which are independently and identically
distributed complex Gaussian random variables with zero
mean and unit variance. Note that spatial correlation on the
antenna arrays can be incorporated into the LoS components,
and thus, the NLoS components are modeled by independent
Rayleigh random variables. Following with a similar process
to (1), the channels from the GEO satellite to RIS, LUs,
and GTs and from the LEO satellite to GTs can be modeled
as gTGR,u ∈ CM×1, hGL,u, hGG,k, and hLG,jk ∈ CN×1,
respectively. Here, the details are omitted for brevity.

B. Downlink Transmission Signal Model

The received signals are a combination of direct and RIS-
aided cascaded signals. Let W = [W 1, · · · ,W J ]

H ∈
CNJ×U denote the linear precoding matrices at LEO satellites.
Each satellite’s specific precoding matrix is W j , i.e., W j =
[wj1, · · · ,wjU ], and each user is assigned one dedicated
beamforming vector from a satellite. The complex baseband
transmitted signal sent by j-th satellite can be expressed as
xj = W jsj , where s = [sj1, · · · , sjU ]

T denotes data vector
with zero-mean and normalized-power independent variables.
Let φu = [φu,1, · · · , φu,M ] denote the reflection coefficients

of u-th RIS, where the reflection amplitudes of all elements are
set to the maximum value one to maximize the signal reflection
power, i.e., |φu,m| = 1,∀m. Φu = diag (φu) represents the
a RIS’s diagonal reflection matrix, and Φ = [Φ1, · · · ,ΦU ]
represents for all RIS phase shiftes involved.

The cooperative multi-satellite transmission framework is
similar to the cell-free MIMO paradigm [17]. To draw insights
on the optimal performance gain and for the convenience of
controlling RISs, we consider the fully centralized processing
where all signals are processed in the head of the LEO
satellites. To avoid the unrealistic assumption that perfect
synchronization is performed between LEO satellites, we
consider the non-coherent transmission pattern, where each
LEO satellite transmits independent signals separately received
and decoded by LUs [17]. Then, combining multi-RIS, we
describe the downlink transmission signal model. With the aid
of its corresponding RIS, the superimposed signal received at
the u-th LU can be expressed as

yu =
∑

j∈J
(hHLL,ju + hHR,uΦ

H
u G

H
LR,ju)wjusu︸ ︷︷ ︸

Useful Signals fromLEOSatellites

(2a)

+
∑

j∈J
(hHLL,ju + hHR,uΦ

H
u G

H
LR,ju)

∑
i∈U,i6=u

wiusi︸ ︷︷ ︸
Intrasystem Interference fromLEOSatellites

(2b)

+ (hHGL,u + hHR,uΦ
H
u g
†
LR,u)s0︸ ︷︷ ︸

Intersystem Interference from theGEOSatellite

+ nu, (2c)

where nu ∼ CN
(
0, σ2

)
denotes the additive white Gaussian

noise (AWGN) at the user’s receiver. Similarly, the received
signal at k-th GT can be expressed as

yk = h†GG,ks0︸ ︷︷ ︸
GEOSignal

+
∑

j∈J

∑
u∈U

hHLG,jkwjusu︸ ︷︷ ︸
LEO−GEO Intersystem Interference

+ nk. (3)

To reap substantial performance gains under non-coherent
multi-satellite cooperation, we consider successive interference
cancellation (SIC) receivers for LUs. For a general non-
coherent cell-free paradigm without RISs and GEO satellite,
when u-th LU detects received signals using SIC with arbitrary
decoding order, a lower bound of signal-to-interference-plus-
noise (SINR) can be given by

SINRLB
u = ∑J

j=1

∣∣E{hHjuwju

}∣∣2∑J
j=1

∑U
i=1E

{∣∣hHjuwji

∣∣2}−∑J
j=1

∣∣E{hHjuwju

}∣∣2+σ2
u

. (4)

Proof: See Appendix A. �
Note that the non-coherent transmission yields inferior

performance compared to coherent transmission with a larger
signal term. However, to achieve the coherent beamforming
gain, coherent transmission requires synchronizing all trans-
mitters, which is impractical in SatCom scenarios.

C. Problem Formulation

In this research, we aim to improve the performance of
LEO SatCom under the LEO-GEO interference mitigation
constraint. We achieve this by jointly optimizing the precoding



SINRsCSI,AP
u =

∑
j∈J

∣∣∣E{(hHLL,ju + hHR,uΦ
H
u G

H
LR,ju

)
wju

}∣∣∣2(∑
j∈J

∑
i∈U

E
{ ∣∣∣(hHLL,ju + hHR,uΦ

H
u G

H
LR,ju

)
wji

∣∣∣2 }
−
∑
j∈J

∣∣∣E{(hHLL,ju + hHR,uΦ
H
u G

H
LR,ju

)
wju

}∣∣∣2 +
∣∣∣hHGL,u + hHR,uΦ

H
u g
†
GR,u

∣∣∣2 + σ2
u

)−1
(5)

at LEO satellites and the reflective beamforming at RISs.
According to (4), we can only use statistical CSI to design
cooperative beamforming. In fact, two-timescale CSI can be
leveraged under the MR precoding case. Nevertheless, with
general adaptive precoding, the SINR of each LU’s received
signal can be shown in (5) at the top of the next page.

Besides, to illustrate the impact of intersystem interference,
we express the SINR of GTs as follows

SINRk =
|h†GG,k|2∑

j∈J
∑
u∈U |h

H
LG,jkwju|2 + σ2

k

. (6)

Because instantaneous CSI can not be exploited, we use
the average aggregate LEO-GEO inter-system interference for
system design, which is required to be below a threshold ςk.∑

j∈J

∑
u∈U

E
{∣∣hHLG,jkwju

∣∣2} ≤ ςk,∀k ∈ K, (7)

As fairness over users is an important performance metric
in SatCom, we take minimum SINR as the objective function
to maximize. The optimization problem can be formulated as

(P1) : max
{Φu}Uu=1

,W
min
∀u∈U

{
SINRsCSI

u

}
(8a)

s.t.
∑

u∈U
‖wju‖2 ≤ PT ,∀j ∈ J , (8b)

|φu,m|2 = 1,∀u ∈ U ,∀m, (8c)
(7),

where PT in (8b) is the maximum total beam power supported
by the power amplifier on the LEO satellite, (7) is the afore-
mentioned LEO-GEO intersystem interference mitigation con-
straint, and (8c) is the unit-modulus constraint on passive RIS
phase shifters. It is challenging to solve (P1) due to 1) implicit-
form expressions on optimization variables with expectation
operation, 2) the non-concave fractional SINR expressions in
the objective function, 3) the coupled non-convex transmit
precoding and RIS phase shifts optimization variables, and
4) the non-convex quadratic unit-modulus constraints at phase
shifters of the RIS. Generally, there is no standard method for
optimally solving such non-convex optimization problems.

III. COOPERATIVE BEAMFORMING DESIGN EXPLOITING
STATISTICAL CSI WITH ADAPTIVE PRECODING

In this section, we consider optimal adaptive precoding,
which allows W to be designed arbitrarily without structural
constraints like MR precoding. To efficiently solve (P1) with
coupled variables, we split (P1) into satellite precoding and
RIS passive beamforming subproblems by resorting to the AO
method. Additionally, we resort to fractional programming and
manifold optimization techniques to tackle the subproblems.

A. Satellite Active Beamforming

For the satellite precoding optimization subproblem with
given Φu,∀u ∈ U , the non-convex minimum SINR maximiza-
tion objective function (8a) is just subject to a convex total
beam power constraint (8b) and an equivalent signal power
threshold constraint (7). Then, by introducing an auxiliary
variable γ, we can rewritten the subproblem into (P2) as follow

(P2) : max
{Φu}Uu=1

,W ,γ
γ (9a)

s.t. SINRsCSI,AP
u ≥ γ,∀u ∈ U , (9b)∑

j∈J

∑
u∈U

wH
juΨ jkwju ≤ ςk,∀k ∈ K, (9c)

(8b),

where SINRsCSI,AP,CF
u is written in (10) with closed-form

expressions at the top of this page after calculating expectation
terms in (5), and Θju, Ξju, and f1(Φu) are written as

Θju = α2
R,uα

2
LR,juR̄LL,juφuφ

H
u R̄

H
LL,ju

+ αLL,juαR,uαLR,ju(R̄LL,juφuh̄
H
LL,ju+h̄LL,juφ

H
u R̄

H
LL,ju)

+ α2
LL,juh̄LL,juh̄

H
LL,ju (11a)

Ξju = Θju + (β2
LL,ju + β2

LR,juµR,uM)IN

+ α2
LR,juβ

2
R,uḠLR,juḠ

H
LR,ju, (11b)

f1(Φu) = (αGL,juαR,uαGR,u + α2
GR,uα

2
R,u)‖r̄GL,juφu‖2

+(β2
GL,ju+β

2
GR,juµR,uM)+(α2

GL,ju+α
2
GR,uβ

2
R,uM), (11c)

where we denote large-scale channel statistics for brevity
by letting αLL,ju =

√
µLL,juκLL,ju

1+κLL,ju
, βLL,ju =

√
µLL,ju

1+κLL,ju
,

αR,u=
√
µR,uκR,u
1+κR,u

, βR,u=
√

µR,u
1+κR,u

, αLR,ju=
√
µLR,juκLR,ju

1+κLR,ju
,

βLR,ju =
√

µLR,ju
1+κLR,ju

, αLG,jk =
√
µLG,jkκLG,jk

1+κLG,jk
, βLG,jk =√

µLG,jk
1+κLG,jk

, αGL,u =
√
µGL,uκGL,u
1+κGL,u

, βGL,u =
√

µGL,u
1+κGL,u

,

αGR,u =
√
µGR,uκGR,u
1+κGR,u

, βGR,u =
√

µGR,u
1+κGR,u

, R̄LL,ju =

ḠLR,judiag
(
h̄R,u

)
, and r̄GL,ju = ḡGR,udiag

(
h̄R,u

)
. In

addition, Ψk in (9c) converted from (7) can be expressed as

Ψ jk = βLG,jkIN + αLG,jkh̄LG,jkh̄
H
LG,jk. (12)

The constraint (9b) in (P2) remains a non-convex fractional
expression. Using the quadratic transform [46], we convert
this into a non-fractional form. This transform is effective for
addressing fractional programming in our newly formulated
optimization problem. Similar problems involving both max-
min fairness and interference thresholds are relatively rare in
existing RIS and SatCom literature. Specifically, by introduc-



SINRsCSI,AP,CF
u =

∑
j∈J w

H
juΘjuwju∑

j∈J
∑
i∈U w

H
jiΞjuwji −

∑
j∈J w

H
juΘjuwju + f1(Φu) + σ2

u

(10)

ing U × J complex-valued vectors {zju, j ∈ J , u ∈ U},
SINRsCSI,AP,CF

u in (9b) can be transformed into

f2
(
W ,Φu, zju

)
=∑

j∈J
2Re{zHjuΘ

CH
ju wju} − zHju(f1(Φu) + σ2

u

+
∑
j∈J

∑
i∈U

wH
jiΞjuwji −

∑
j∈J

wH
juΘjuwju)zju, (13)

where ΘCH
ju is an upper triangular matrix obtained

by Cholesky decomposition from Θju, i.e., Θju =
(ΘCH

ju )HΘCH
ju .

After quadratic transformation, there are three subproblems
called 1) quadratic parameters updating, 2) satellite precoding,
and 3) RIS passive beamforming to be solved alternatingly.
Specifically, quadratic parameters can be updated as follows

z∗ju =

ΘCH
ju wju∑

j∈J
∑
i∈Uw

H
jiΞjuwji−

∑
j∈J w

H
juΘjuwju+f1 (Φu)+σ2

u

.

(14)

Then, we can substitute (13) into (9b) and further introduce a
set of U real-valued variables λ = [λ1, · · · , λU ] to rewritten
(9b) in a convex form, as shown in constraints (15b) and (15c)
in the following equivalent optimization problem (P3).

(P3) : max
W ,γ,λ

γ (15a)

s.t.
∑
j∈J

2Re{zHjuΘ
CH
ju wju} − zHujλuzuj ≥ γ,∀u ∈ U , (15b)

f1(Φu) + σ2
u +

∑
j∈J

∑
i∈U

wH
jiΞjuwji −

∑
j∈J

wH
juΘjuwju

≤ λu,∀u ∈ U , (15c)
(8b), (9c).

(P3) is a standard convex problem that can be efficiently solved
by existing methods or convex optimization tools [47].

B. RIS Passive Beamforming

As for the RIS passive beamforming optimization subprob-
lem with given {zuj} and W , we can recast the subproblem
for each RIS in a distributed manner as follows

(P4.u): max
{φu}Uu=1

f4 (φu)

f1(φu)+
∑
i∈Uf3 (φi)−f4(φu)+σ2

u

(16a)

s.t.f4(φu)=
∑
j∈J

φuCjuφ
H
u +2Re {φucju}+c4,ju (16b)

f3 (φu) =
∑
j∈J

φuCjuφ
H
u + 2Re {φucju}+ c3,ju (16c)

f1(φu) =
∑
j∈J

φuBuφ
H
u + 2Re {φubu}+ bu (16d)

|φu,m|2 = 1,∀u ∈ U ,∀m, (16e)

where Cju, cju, c3,ju, and c4,ju in (16b) and (16c) are derived
from (11a) and (11b) with fixed W given as follows

Cju = α2
LR,juα

2
R,udiag(h̄

H
R,u)Ḡ

H
LR,juwju

·wH
juḠLR,judiag(h̄R,u), (17a)

cju = αLL,juαR,uαLR,judiag(h̄
H
R,u)Ḡ

H
LR,juwjuw

H
juh̄LL,ju,

(17b)

c4,ju = α2
LL,juw

H
juh̄LL,juh̄

H
LL,juwju, (17c)

c3,ju = c4,ju + α2
LR,juβ

2
R,uw

H
juḠLR,juḠ

H
LR,juwju

+
(
β2
LL,ju + β2

LR,juµR,uM
)
wH
juwju, (17d)

and Bu, bu, and bu in (16d) are derived from (11c) as follows

Bu = α2
GR,juα

2
R,udiag(h̄

H
R,u)ḡ†GR,uḡ

T
GR,udiag(h̄R,u), (18a)

bu = αGL,uαR,uαGR,udiag(h̄
H
R,u)ḡHGR,uh̄GL,u, (18b)

bu = α2
GL,u +α2

GR,uβ
2
R,uM +β2

GL,u +β2
GR,uµR,uM. (18c)

Given the unit-modulus constraint (16e), we apply a mani-
fold optimization technique to derive an optimal solution for
(P4.u). Specifically, (16e) defines a complex sphere manifold
[48] in a Euclidean space, which can be denoted by

M = {φu ∈ CM | [φHu φu]m,m = 1,∀m = 1, . . . ,M}. (19)

The tangent space of the complex sphere manifold M at the
point φ(l)

u is defined as the space that contains all tangent
vectors of M at φ(l)

u , and denoted by T
φ

(l)
u
M as follows

T
φ

(l)
u
M={t∈CM | [t(φ(l)

u )H ]m,m=0,∀m=1, . . . ,M}, (20)

where l denotes the iteration number. The Riemannian gradient
is a vector field on the manifold M, given by the projection
of Euclidean gradient on the tangent space Tφ(l)M as follows

Rgrad
φ

(l)
u
FAP (φ(l)

u ) = ∇FAP (φ(l)
u )

− Re
{
∇FAP (φ(l)

u )� (φ(l)
u )†

}
� φ(l)

u , (21)

where � represents the Hadamard product operator,
FAP (φ(l)

u ) denotes effective SINR (16a) for u-th LU aided by
its RIS, and ∇FAP (φ(l)

u ) denotes the corresponding Euclidean
gradient, which can be respectively written as

∇FAP (φu) = (f1(φu) +
∑
i∈U

f3(φi)− f4(φu) + σ2
u)−2

×
(
∇f4(φu)(f1(φu) +

∑
i∈U

f3(φi)− f4(φu) + σ2
u)

− f4(φu)(∇f1(φu)+
∑
i∈U
∇f3 (φi)−∇f4(φu))

)
, (22a)

∇f4(φu) , ∇f3(φu) =
∑
j∈J

2Cjuφu + 2cHju, (22b)

∇f1(φu) = 2Buφu + 2bHu . (22c)



Algorithm 1 Alternating Optimization Algorithm for (P2).

1: Initialize the satellite precoding matrix W = W (0) by
first generating an arbitrary feasible solution satisfying (7)
and (8b) and then optimizing W by (P3) without RISs.

2: repeat
3: Update quadratic transform parameters {zju} via (14).
4: Solve problem (P3) via convex optimization methods

or CVX and obtain an optimal solution W l1+1.
5: Solve problem (P4.u) for each RIS via manifold opti-

mization and obtain U optimal solutions {φl+1
u }Uu=1.

6: Update l1 = l1 + 1.
7: until The fractional increase of γ is below a threshold ε>

0 or the maximum number of iterations L1,max is reached.

Finally, the Riemannian gradient descent (RGD) or Rieman-
nian conjugate gradient (RCG) method [48] can be imple-
mented to solve (P4.u). Taking RGD as an example, the
descent direction ξl at the l-th iteration is determined by
the negative counterpart of the Riemannian gradient as ξl =
−Rgrad

φ
(l)
u
FAP (φ(l)

u ), and then RIS phase shifts φ(l+1)
u at

l+1-th iteration is updated as φ(l+1)
u =

[
(φ(l)
u +αlξl)m

|(φ(l)
u +αlξl)m|

]
, where

αl is the step size.

C. Overall Algorithm and Its Discussion

The overall AO-based algorithm design is detailed in Algo-
rithm 1, deriving a solution for the original problem (P1) by
alternately solving (P3) and (P4.u) in an iterative manner. The
algorithm guarantees convergence with local optimality be-
cause the minimum SINR value is non-decreased in each sub-
problem and iteration. The overall computational complexity
of Algorithm 1 is O(L1L2(JU2NM2) +L1(JN)3.5), where
L1 is the overall number of AO iterations, the complexity
of solving (P3) is O((JN)3.5) by the interior-point method
and the complexity of solving (P4.u) is O(L2(JU2NM2)
mainly originated from cost and gradient calculations with L2

denoting iteration times in manifold optimization.
While we clarify the reasonablity to asuume the GEO

and LEO terminal are equipped with single antenna, it is
more pratical to consider user terminal are equpped with
multiple antenna, especially for LEO terminal to improve
communication performance. However, our focus on the RIS-
aided multi-satellite transmission scheme distinguishes our
work, presenting unique challenges in deriving closed-form
expressions and algorithm design that cannot be directly
addressed by existing methods. Additionally, our proposed
scheme can be extended to multi-antenna terminals with single
data stream transmission between a LEO satellite and a LU. In
the adaptive precoding case, the modified objective function
will only add summation terms represented for the divesity
gain at receiver to (14), (17), and (18), and thus the proposed
AO-based algorithm can continue to use.

IV. COOPERATIVE BEAMFORMING DESIGN UNDER MR
PRECODING WITH ADAPTIVE-PRECODING RESULTS

In the adaptive precoding case depicted earlier, after opti-
mizing cooperative beamforming, the processing satellite must

share the phase shift matrices with the RISs and precoding
matrices with the other cooperative satellites. Employing MR
precoding can reduce the signaling overhead in the satellite
network through conjugate beamforming [23]. In this setup,
only the power allocation information needs to be exchanged
between satellites, which reduces signaling overhead by 1

N .
More importantly, another significant benefit of MR precoding
is its ability to leverage two-timescale CSI effectively, which
will be elaborated on in Section VI.

In this section, we reformulate the original problem (P1) by
incorporating MR precoding, from which we further derive
closed-form expressions. Then, we propose a cooperative
beamforming design that leverages the results obtained from
the previous adaptive precoding case. Recall that the MR
precoding under perfect instantaneous CSI is written as

wiCSI
ju =

√
pju(hLL,ju +GLR,juΦuhR,u), (23)

where pju denotes the power allocation parameter to guar-
antee total beam power constraint. However, exploiting only
statistical CSI, the MR precoding vector can be expressed as

wsCSI
ju ,

√
pjuE {hLL,ju +GLR,juΦuhR,u} , (24a)

=
√
pju
(
h̄LL,ju + ḠLR,juΦuh̄R,u

)
. (24b)

i.e., the LoS part of the superimposed channel vectors.

A. Closed-Form Optimization Problem Under MR Precoding
With MR precoding at the satellite, the cooperative beam-

forming design is converted into a joint power allocation and
RIS phase shift optimization problem rewritten as follows

(P5) : max
{Φu}Uu=1

,p
min
∀u∈U

{
SINRsCSI,MR

u

}
(25a)

s.t.
∑
j∈J

∑
u∈U

pjuE{|hHLG,jkE
{
hLL,ju +GLR,juΦuhR,u

}
|2}

≤ ςk,∀k ∈ K, (25b)∑
u∈U

pju
∥∥E{hLL,ju+hR,uΦuGLR,ju}

∥∥2≤PT ,∀j∈J ,(25c)

|φu,m|2 = 1,∀u ∈ U ,∀m, (25d)

where SINRsCSI,MR
u in (25a) is expressed in (26) at the top

of the next page, and hL,ju , hLL,ju+GLR,juΦuhR,u de-
notes superimposed satellite-to-user channels for brevity. The
implicit expression of RIS phase shifts involves expectation
terms, making it intractable to handle and optimize. Thus, the
primary focus is deriving the closed-form expression of (P5).

Accordingly, after calculation, we rewrite (P5) into (P6) as

(P6) : max
{Φu}Uu=1

,p
min
∀u∈U

SINRcCSI,MR,CF
u (φ1, . . . ,φU ) (27a)

s.t.
∑
j∈J

∑
u∈U

pjuf7,juk (φu)− ςk ≤ 0,∀k ∈ K, (27b)

∑
u∈U

pju

√
f5,ju(φu)− PT ≤ 0,∀j ∈ J , (27c)

|φu,m|2 = 1,∀u ∈ U ,∀m, (27d)

where SINRcCSI,MR,CF
u (φ1, . . . ,φU ) denotes the closed-form

expression of LUs’ SINR in (28) at the top of next page, and



SINRsCSI,MR
u =

∑
j∈J pju

∣∣E{hHL,juE{hL,ju}}∣∣2∑
j∈J

∑
i∈U pjiE

{∣∣hHL,juE{hL,ji} ∣∣2}−∑j∈J pju
∣∣E{hHL,juE{hL,ju}}∣∣2 + E

{
|hHG,u|2

}
+ σ2

u

(26a)

=
∑
j∈J

pju

∣∣∣∥∥E{hLL,ju +GLR,juΦuhR,u
}∥∥2∣∣∣2 · (∑

j∈J

∑
i∈U

pjiE
{∣∣(hHLL,ju + hHR,uΦ

H
u G

H
LR,ju)h̄L,ji

∣∣2}
−
∑
j∈J

pju

∣∣∣∥∥E{hLL,ju +GLR,juΦuhR,u
}∥∥2∣∣∣2 + E

{∣∣hHGL,u + hHR,uΦug
†
GR,u

∣∣2}+ σ2
u

)−1
(26b)

SINRcCSI,MR,CF
u (φ1, . . . ,φU ) =

∑
j∈J pjuf5,ju(φu)∑

j∈J
∑
i∈U pjif6,jui(φu,φi)−

∑
j∈J pjuf5,ju(φu) + f4(φu) + σ2

u

(28)

f6,jui(φu,φi) =

2χ1,juα
2
LL,jiRe{h̄HLL,juh̄LL,jih̄

H
LL,jiR̄LL,juφu}+ α2

LL,ji

×χ2,ju|h̄
H
LL,jiR̄LL,juφu|2 +α2

LL,juχ1,ji2Re{hHLL,jih̄LL,ju
×h̄HLL,juR̄LL,jiφi}+χ4,juχ1,ji2Re{hHLL,jiḠLR,juḠ

H
LR,ju

×R̄LL,jiφi}+χ3,juχ1,ji2Re{hHLL,jiR̄LL,jiφi}+χ4,juχ2,ji

×|φHi R̄
H
LL,jiḠLR,ju|2+α2

LL,juχ2,ji|φHi R̄
H
LL,jih̄LL,ju|2

+χ3,juχ2,ji

∥∥R̄LL,jiφi
∥∥2+χ2,juχ2,ji|φHi R̄

H
LL,jiR̄LL,juφu|2

+ 2χ1,juχ1,jiRe{h̄HLL,jiR̄LL,juφu · h̄
H
LL,juR̄LL,jiφi}

+ 2χ1,juχ1,jiRe{h̄HLL,jih̄LL,juφ
H
u R̄

H
LL,juR̄LL,jiφi}

+ 2χ1,juχ2,jiRe{φHi R̄
H
LL,jiR̄LL,juφu · h̄

H
LL,juR̄LL,jiφi}

+ 2χ2,juχ1,jiRe{hHLL,jiR̄LL,juφu · φ
H
u R̄

H
LL,juR̄LL,jiφi}

+ χ3,juα
2
LL,jiN + α2

LL,jua
2
LL,ji|h

H
LL,jih̄LL,ju|2

+ χ4,juα
2
LL,ji|h

H
LL,jiḠLR,ju|2, (29a)

f5,ju(φu)=
∥∥αLL,juh̄LL,ju+αLR,juαR,uR̄LL,juφu

∥∥4, (29b)

f7,juk(φu) =

α2
LG,jk|αLL,juh̄

H
LG,jkh̄LL,ju+αLR,juαR,uh̄

H
LG,jkR̄LL,juφu|2

+ β2
LG,jk‖αLL,juh̄LL,ju + αLR,juαR,uR̄LL,juφu‖2, (29c)

where we further denote χ1,ju=αLL,juαR,uαLR,ju, χ2,ju=
α2
R,uα

2
LR,ju, χ3,ju=(β2

LL,ju+ β2
LR,juµR,uM), and χ4,ju=

α2
LR,juβ

2
R,u for brevity.

B. Power Allocation with RIS Phase Shifts Results Under
Adaptive Precoding Configuration

Intuitively, the reformulated closed-form optimization prob-
lem (P6) can be decoupled into two subproblems: RIS phase
shifts design and power allocation, while the detailed pro-
cedures are left in the next section. Here, we focus on
an effective design that utilizes RIS phase shifts optimized
through Algorithm 1 under adaptive precoding. Then, given
RIS phase shifts, we only need to optimize power allocation
at satellites via fractional programming. Similar to (13)-(15)

Algorithm 2 Power Allocation with Given Φ for (P6).

1: Substituting the RIS phase shifts Φ = ΦA1 optimized by
Algorithm 1 into closed-from (P6) and set l3 = 0.

2: repeat
3: Update quadratic transform parameters y(l3+1) via (32).
4: Solve problem (P7), obtain an optimal solution p(l3+1).
5: Update l3 = l3 + 1.
6: until Convergence.

in Section III-A, the power allocation problem is written as

(P7) :max
P ,γ

γ (30a)

s.t.
∑
j∈J

2yju
√
pjus1,ju − y2ju

(∑
j∈J

∑
i∈U,

pjis2,jui

−
∑
j∈J

pjus1,ju + s3,u + σ2
u

)
> γ (30b)∑

j∈J

∑
u∈U

pjus4,juk ≤ ςk,∀k ∈ K, (30c)∑
u∈U

pjus2,juu ≤ PT ,∀j ∈ J , (30d)

where we introduce U×J auxiliary variables {yju, j ∈ J , u ∈
U} for quadratic transform and s1,ju, s2,jui, s3,u, and s4,juk
denote the effective superimposed channel gains with given
RIS phase shifts as below

s1,ju ,
∣∣E{hHL,juE{hL,ju}}∣∣2 = f5,ju(φu), (31a)

s2,jui , E
{∣∣hHL,juE{hL,ji} ∣∣2} = f6,jui(φu,φi), (31b)

s3,u , E
{∣∣hHG,u∣∣2} = f4(φu), (31c)

s4,juk , E
{∣∣hHLG,jkE{hL,ju}} = f7,juk(φu). (31d)

Then, the quadratic parameters yju in (30b) are updated by

y∗ju=

√
pjusju∑

j∈J
∑
i∈U pjis2,jiu−

∑J
j=1 pjus1,ju+s3,u+σ2

u

. (32)

C. Overall algorithm and computational complexity analysis

The details of the power allocation algorithm with given
Φ are summarized in Algorithm 2. Specifically, we substitute



the RIS phase shifts under adaptive precoding optimized by
Algorithm 1 into the closed-form optimization problem (P6).
Then, we can solve the power allocation subproblem (P7) via
a fractional programming method, i.e., quadratic transform,
similar to the process in (13)-(15). Besides the complexity
brought by Algorithm 1, the main complexity of Algorithm 2
is O(L3(JU)3.5) originating from solving the problem (P7).

V. TWO-STAGE COOPERATIVE BEAMFORMING DESIGN
UNDER MR PRECODING

In this section, we design cooperative beamforming with
MR Precoding that does not rely on the RIS phase shifts
outcome from Algorithm 1. We divide (P6) into subproblems
for RIS phase shift design and power allocation, proposing a
two-stage algorithm. Our emphasis is on designing RIS phase
shifts, as the power allocation is addressed by Algorithm 2.

A. ES-SP-RMO Algorithm for RIS Phase Shifts Design

For the RIS phase shifts design subproblem with fixed
power allocation parameters, we develop an exponential
smoothing and sum-square penalty-assisted Riemannian man-
ifold optimization-based (ES-SP-RMO) iterative algorithm.
Specifically, the corresponding problem can be formulated as
follows

(P8) : max
{Φu}Uu=1,µ

− µ log
∑
u∈U

exp
(
−SINRsCSI,MR,CF

u (Φ) /µ
)

−
∑
k∈K

(
∑
j∈J

∑
u∈U

pjuE{|hHLG,jkE{hL,ju}|2 − ςk)2 (33a)

s.t. |φu,m|2 = 1,∀u ∈ U ,∀m, (33b)

where the second term in the objective function (33a) of (P8)
is a sum-square penalty term [49] corresponding to constraint
(52) to suppress LEO-GEO interference value, and the first
term is a smoothed surrogate function for (27a) of (P6) with an
introduced exponential smoothing parameter µ ≥ 0 [50],[51].

After exponential smoothing, the first term of (33a) satisfies

− µ log
∑
u∈U

exp
(
−SINRsCSI,MR,CF

u (Φ) /µ
)

≤ min
∀u∈U

{
SINRsCSI,MR,CF

u (Φ)
}

≤ −µ log
∑
u∈U

exp
(
−SINRsCSI,MR,CF

u (Φ) /µ
)
+µ logU. (34)

Note that when µ is sufficiently small, the inequality (34) ap-
proaches equality, and the surrogate function leads to high ap-
proximation accuracy to the minimum SINR (27a). However,
when µ is small, (P8) is nearly ill-conditioned and difficult to
solve. Therefore, we can use an iterative strategy that solves
a sequence of gradually more accurate approximations later.

With a fixed µ and power allocation, the RIS phase shift
optimization problem can be written into (P9)

(P9) Φ∗ = arg max
|φu,m|=1,∀u,∀m

FMR (Φ) (35)

where FMR (Φ) is a scalar-valued function of a manifold
optimization problem with complex matrix variables as below

FMR (Φ) =− µ log
∑
u∈U

exp
(
−SINRcCSI,MR,CF

u (Φ) /µ
)

−
∑
k∈K

(
∑
j∈J

∑
u∈U

pjuf7,juk (φu)− ςk)2. (36)

The corresponding Euclidean gradient of FMR (Φ) is a U×M
complex matrix written as (37), where the Euclidean gradient
of closed-form SINR expression is written in (38) at the top
of next page, and partial derivatives ∂f5,ju(φu)

∂φu
, ∂f6,jui(φu,φi)∂φu

and ∂f6,jui(φu,φi)
∂φi

with i 6= u, ∂f6,juu(φu)∂φu
, and ∂f7,juk(φu)

∂φu
can

be written in (39a)-(39e), respectively, as below

∂f5,ju(φu)

∂φu
= 4‖αLL,juh̄LL,ju + αLR,juαR,uR̄LL,juφu‖2

· (χ1,juR̄
H
LL,juh̄LL,ju + χ2,juR̄

H
LL,juR̄LL,juφu), (39a)

∂f6,jui(φu,φi)

∂φu
= R̄

H
LL,ju

(
4χ1,jiRe{hLL,jiφ

H
i R̄

H
LL,ji}

+ 2χ2,jiR̄LL,jiφiφ
H
i R̄

H
LL,ji + 2a2LL,jih̄LL,jih̄

H
LL,ji

)
×
(
χ1,juh̄LL,ju + χ2,juR̄LL,juφu

)
(39b)

∂f6,jui(φu,φi)

∂φi
=
∂f6,jui(φu,φi)

∂φu

∣∣∣
i↔u

+R̄
H
LL,ji(2χ3,juIN

+2χ4,juḠLR,juḠ
H
LR,ju)(χ1,jih̄LL,ji+χ2,jiR̄LL,jiφi),

(39c)
∂f6,juu(φu)

∂φu
=
{∂f6,jui(φu,φi)

∂φu
+
∂f6,jui(φu,φi)

∂φi

}∣∣∣
i→u

,

(39d)
∂f7,juk(φu)

∂φu
=

2χ2,juR̄
H
LL,ju

(
a2LG,jkhLG,jkh

H
LG,jk+b2LG,jkIN

)
R̄LL,juφu

+2χ1,ju

(
a2LG,jkh

H
LG,jkh̄LL,ju+b

2
LG,jk

)
R̄
H
LL,juhLG,jk, (39e)

where (·) |i i→ u and (·) |i i↔ u denotes the operation
of replaceing index u with i and replace them by each other
in the expressions (·), respectvely. Similar to (19)-(22), the
Riemannian gradient of FMR(Φ(l)) on the complex sphere
manifold (33b) can be given by the projection of Euclidean
gradient on the corresponding tangent space as follows

RgradΦ(l)FMR(Φ(l)) = ∇FMR(Φ(l))

− Re
{
∇FMR(Φ(l))� (Φ(l))†

}
�Φ(l), (40)

Then, with a given cost function and gradient, an RGD or
RCG algorithm can be implemented to solve the manifold
optimization problem (P9). Finally, the optimal solution to
(P8) can be obtained by updating Φ and µ iteratively.

B. Overall Algorithm and Complexity Analysis

The overall two-stage algorithm is detailed in Algorithm 3.
After initializing power allocation parameters without the aid
of RISs, we optimize RIS phase shifts iteratively in Stage 1.
Specifically, the RIS phase shifts can be obtained via the ES-
SP-RMO algorithm with fixed µ. To guarantee the problem is
solvable and the accuracy of the problem, we gradually reduce



∇FMR (Φ)
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u

exp
(
−SINRcCSI,MR,CF

u (Φ) /µ
))−1∑

u

exp
(
−SINRcCSI,MR,CF

u (Φ) /µ
)
∇SINRcCSI,MR,CF

u (Φ)

− 2
∑
k∈K

(
∑
j∈J

∑
u∈U

pjuf7,juk (φu)− ςk)
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∂f7,j1k(φ1)

∂φ1
· · ·

∑
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∂f7,jUk(φU )
∂φU
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U×M

(37)

∇SINRcCSI,MR,CF
u (Φ)

=
(∑
j∈J

∑
i∈U

pjif6,jui(φu,φi)−
∑
j∈J

pjuf5,ju(φu) + f4(φu) + σ2
u

)−2{(∑
j∈J
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i∈U
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u)

×
[
0u−1

∑
j∈J pju

∂f5,ju(φu)
∂φu

0U−u

]
U×M

−
∑
j∈J

pjuf5,ju(φu)
[
0u−1

∂f4(φu)
∂φu

0U−u

]
U×M

−
∑
j∈J

pjuf5,ju(φu)

×
( [∑

j∈J pj1
∂f6,jui(φu,φ1)
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[
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i∈U,i6=u pji
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∂φu

0U−u

]
U×M

)}
(38)

Algorithm 3 Two-Stage Algorithm for (P6).
1: Initialize power allocation parameters pINIT under MR

precoding without RISs via (P7) and (32) .
Stage 1: Optimizing phase shifts at RISs via ES-SP-RMO

iterative algorithm in Section V-A.
2: Set iteration number of RGD or RCG l4 = 0, set

expotential smoothing parameter µ = µ(0). Solve (P9) for
once via RGD or RCG with Riemannian gradient in (40);
Solve (P7) for once to update pINIT for the next step.

3: repeat
4: Solve (P9) via RGD or RCG with RgradΦ(l4)FMR (Φ)

in (40) and obtain Φ(l4+1). Set l4 = l4 + 1.
5: if FMR(Φ(l4)) > FMR(Φ(l4−1)) then
6: Φ∗ = Φ(l4), µ(l4) = µ(l4−1)

7: else µ(l4) = µ(l4−1)/2.
8: until µ < εES .

Output 1: The optimized RIS phase shifts matrix Φ∗.
Stage 2: Power Allocation via fractional programming with

Given Φ obtained from Stage 1.
9: Substituting the RIS phase shifts Φ = Φ∗ into (P7).

10: Performing the quadractic transform-based iterative algo-
rithm as depicted from line 2 to line 6 in Algorithm 2.

Output 2: The optimized power allocation parameters p∗.

µ to a sufficiently small value. The process is non-decreasing
with guaranteed convergence [50],[51]. Then, in Stage 2, with
Given RIS phase shifts, the power allocation subproblem can
be solved by Algorithm 2. The computational complexity of
Algorithm 3 is O(L4(J2U2NM2) +L3(JN)3.5), where L4

is the number of iterations in Stage 1. In each iteration of ES-
SP-RMO, the complexity mainly originates from calculating
the gradient (40).

VI. EXTENDED DESIGNS FOR COOPERATIVE
BEAMFORMING EXPLOITING TWO-TIMESCALE CSI

Using pure statistical CSI in RIS-aided MIMO systems
minimizes the overhead and delay from channel estimation
but may lead to certain performance degradation. To mitigate

this, the two-timescale transmission protocol is introduced to
reduce the channel estimation overhead while preserving more
performance [23], exploiting the statistical CSI for passive
beamformers at RISs and the instantaneous superimposed CSI
for active beamformers at satellites. In this section, we extend
the proposed cooperative beamforming designs in the previous
sections to accommodate two-timescale CSI for transmission.

A. Impact of Two-Timescale CSI for Active Beamformers

For the cooperative beamforming design under adaptive
precoding in Section III, due to LUs only using statistical CSIs
for SIC decoding, the objective function will not be changed
with instantaneous superimposed CSI, according to (5). Thus,
Algorithm 1 remains unchanged, and a two-timescale will not
bring performance gain to this case. However, for cooperative
beamforming designs under MR precoding, the instantaneous
CSI at the satellite transmitter may bring performance gain
because when the two-timescale CSI is available, the MR
precoding can be written as (23), i.e., wiCSI

ju =
√
pju(hLL,ju+

hR,uΦuGLR,ju), instead of merely using channel statistics
of LoS part as performed in (24). Then, this change will be
incorporated into the RIS phase shift design.

Accordingly, we focus on cooperative beamforming under
MR precoding and derive a series of modified closed-form
expressions. By leveraging two-timescale CSIs, the RIS phase
shifts optimization problem can be modified as

(P10) : max
{Φu}Uu=1

,p
min
∀u∈U

{
SINRTTS,MR

u (Φ)
}

(41a)

s.t.
∑
j∈J

∑
u∈U

pjuE
{
|hHLG,jk(hLL,ju +GLR,juΦuhR,u)|2

}
≤ ςk,∀k ∈ K, (41b)∑

u∈U
pjuE

{
‖hLL,ju+hR,uΦuGLR,ju‖2

}
≤PT ,∀j∈J ,(41c)

|φu,m|2 = 1,∀u ∈ U ,∀m, (41d)

where SINRTTS,MR
u (Φ) is the function of Φ involving two-

timescale CSI, written in (42) at the top of next page.



SINRTTS,MR
u (Φ) =

∑J
j=1 pju

∣∣E{∥∥hHL,ju∥∥2}∣∣2∑
j∈J

∑
i∈U, pjiE

{∣∣hHL,juhL,ji∣∣2}−∑J
j=1 pju

∣∣E{∥∥hHL,ju∥∥2}∣∣2 + E
{∣∣hHG,u∣∣2}+ σ2

u

(42)

SINRTTS,MR,CF
u (Φ) =

∑J
j=1 pjuf8,ju(φu)∑

j∈J
∑
i∈U pjif9,jui(φu,φi)−

∑J
j=1 pjuf8,ju(φu) + f4(φu) + σ2

u

(44)

B. Closed-Form Expressions and Power Allocation

Similar to the procedures in Algorithm 2, (P10) can be
solved by adopting RIS phase shifts obtained from Algorithm
1 and then performing power allocation. After the derivation
of closed-form expressions, the problem is reformulated as

(P11) : max
{Φu}Uu=1

,p
min
∀u∈U

SINRTTS,MR,CF
u (Φ) (43a)

s.t.
∑
j∈J

∑
u∈U

pjuf10,juk (φu)− ςk ≤ 0,∀k ∈ K, (43b)

∑
u∈U

pju

√
f8,ju(φu)− PT ≤ 0,∀j ∈ J , (43c)

|φu,m|2 = 1,∀u ∈ U ,∀m, (43d)

where SINRTTS,MR,CF
u (Φ) denotes the closed-form SINR

expression in (44) at the top of next page, and we have

f8,ju(φu) = (tr{Ξju})2 (45a)

f9,jui (φu,φi) = f6,jui(φu,φi)

+ 2χ1,juχ4,jiRe{h̄HLL,juḠLR,jiḠ
H
LR,jiR̄LL,juφu}+ 2χ1,ju

×χ3,jiRe{h̄HLL,juR̄LL,juφu}+χ4,jiχ2,ju‖φHu R̄
H
LL,juḠLR,ji‖2

+χ3,jiχ2,ju‖φHu R̄
H
LL,ju‖2 + α2

LL,juχ4,ji‖h̄
H
LL,juḠLR,ji‖2

+χ4,jiχ4,jutr{ḠLR,jiḠ
H
LR,jiḠLR,juḠ

H
LR,ju}+χ3,jiα

2
LL,juN

+ χ3,jiχ3,juN + χ3,juχ4,jiMN + χ3,jiχ4,juMN (45b)

f9,juu(φu)=‖αLL,juh̄LL,ju+αLR,juαR,uR̄LL,juφu‖4+(χ3,ju

+χ3,juN+2χ4,juNM)‖αLL,jūhLL,ju+αLR,juαR,uR̄LL,juφu‖2

+2χ4,ju‖Ḡ
H
LR,ju(αLL,juh̄LL,ju+αLR,juαR,uR̄LL,juφu)‖2

+4Nχ6,juRe{φHu R̄
H
LL,ju(χ1,juh̄LL,ju + χ2,juR̄LL,juφu)}

+χ5,juχ6,juM
2N+(2χ5,juχ6,ju+χ2

6,ju+2χ4,juχ3,ju)MN2

+2χ2
4,juM

2N2+(χ2
6,ju+2χ4,juχ3,ju)MN+χ2

3,juN(N+1)
(45c)

f10,juk (φu)=f7,juk (φu)+µLG,jkχ3,juN+β2
LG,jkχ4,juNM

+ α2
LG,jkχ4,ju‖hHLG,jkḠLR,ju‖2 (45d)

with χ5,ju = β2
LR,juα

2
R,u and χ6,ju = β2

LR,juβ
2
R,u. Then,

with the given RIS phase shift obtained from Algorithm 1,
we can perform power allocation optimization according to
Algorithm 2 and here omitted for brevity.

C. ES-SP-RMO Algorithm and Two-Stage Design

Referred to as Section V-A, the RIS phase shift optimization
problem is written into a manifold optimization problem (P11),

(P12) Φ∗ = arg max
|φu,m|=1,∀u,∀m

FTTS (Φ) (46)

where FTTS (Φ) is a scalar-valued function with complex
matrix variables, derived after exponential smoothing and
adding the sum-square penalty as described in (33a), as follows

FTTS (Φ) =− µ log
∑
u∈U

exp
(
−SINRTTS,MR,CF

u (Φ) /µ
)

−
∑
k∈K

(
∑
j∈J

∑
u∈U

pjuf10,juk (φu)− ςk)2. (47)

Then, we can optimize RIS phase shifts via the ES-SP-RMO
algorithm. Note that the gradient ∇FTTS (Φ) can be similarly
obtained from (37) and (38) by replacing the partial derivative
in (39a)-(39e) with ∂f8,ju(φu)

∂φu
, ∂f9,jui(φu,φi)

∂φi
, ∂f9,jui(φu,φi)

∂φu
,

∂f9,juu(φu)
∂φu

, and ∂f10,juk(φu)
∂φu

, respectively, as follows

∂f8,ju(φu)

∂φu
= 2 tr{Ξju}

(
χ2,juR̄

H
LL,juR̄LL,juφu

+ χ1,juR̄
H
LL,juh̄LL,ju

)
(48a)

∂f9,jui(φu,φi)

∂φi
=
∂f6,jui(φu,φi)

∂φi
(48b)

∂f9,jui(φu,φi)

∂φu
=
∂f9,jui(φu,φi)

∂φu

∣∣∣
i↔u

(48c)

∂f9,juu(φu)

∂φu
= R̄

H
LL,ju

{(
4χ4,juNM + 2χ3,juN + 2χ3,ju

+ 4‖αLL,juh̄LL,ju + αLR,juαR,uR̄LL,juφu‖2
)

+
(
4χ4,ju

× ḠLR,juḠ
H
LR,ju

)}(
χ2,juR̄LL,juφu + χ1,juh̄LL,ju

)
+ 4Nχ6,juR̄

H
LL,ju(χ1,juh̄LL,ju + 2χ2,juR̄LL,juφu) (48d)

∂f10,juk(φu)

∂φu
=
∂f7,juk(φu)

∂φu
(48e)

Finally, we can design a two-stage algorithm similar to Algo-
rithm 3 to obtain optimal RIS phase shifts and power allocation
parameters sequentially, and the details are omitted for brevity.



TABLE I
SIMULATION PARAMETERS

Parameter Value
Satellite orbit altitude LEO 550 km; GEO 36000 km
Frequency band Ku-band, fc = 12 GHz
Number of LEO satellites and antennas N = 16, J = 3
Number of LUs and GTs U = 2, K = 1
Inter-system Interference threshold ςk, ς = −12.2 dB
Total beam power of LEO satellites PT = 50 W
Radiation pattern of GTs From ITU [5],[6]
Noise power density kBTRBW = −94 dbm
Number of RIS subsurfaces M = 25
Reflecting elements in a subsurface 100× 100
Size of a reflecting element 0.01 m × 0.01 m
Distance between the RIS and LUs dRU = 100 m
Rician factor of terrestrial links κR,u,κR = 10 dB
Rician factor of GEO satellite links κGG, κGL, κGR,κG= 30dB
Rician factor of LEO satellite links κLL, κLR, κLG,κL= 20dB

VII. SIMULATION RESULTS

In this section, we provide numerical results to evaluate
the effectiveness of the proposed joint multi-satellite multi-
RIS beamforming schemes for LEO SatCom with LEO-GEO
intersystem interference mitigation. The simulations adhere to
the setup outlined in Table I unless stated otherwise. In the
modeled scenario, one of the LUs is co-located with the GT,
and one of the LEO satellites is in-line with the GEO satellite
located at (0◦N, 100◦E). According to ITU regulations, in-line
interference is the most severe case of LEO-GEO intersystem
interference, and ςk ≤ 12.2 dB must be guaranteed. The other
LUs are spaced 2◦ apart in either longitude or latitude on
Earth, and LEO satellites are separated by a latitude spacing
2.5◦. The computation of distance-dependent large-scale path-
loss coefficients takes into account the specific link distance,
normalized noise power, and multibeam antenna radiation
patterns. The simulation compares the following schemes:
1) AP-AO: The AO-based cooperative beamforming design
exploiting pure statistical CSI with adaptive precoding, as
detailed in Algorithm 1.
2) MR-S-PA: Following the RIS phase shift optimization
from Algorithm 1, this scheme involves power allocation
using Algorithm 2 with MR precoding under statistical CSI.
3) MR-S-TS: The two-stage design with MR precoding in
Algorithm 3, including ES-SP-RMO and power allocation.
4) MR-TTS-PA: Using similar algorithm to scheme MR-S-
PA, but exploiting two-timescale CSI.
5) MR-TTS-TS: Using similar algorithm to scheme MR-S-
TS, but exploiting two-timescale CSI.
6) AP-NoRIS: Adaptive precoding via Algorithm 1 without
the aid of RISs, which serves as an initialization for AP-AO.
7) MR-S-NoRIS: MR precoding via Algorithm 3 without the
aid of RISs, which serves as an initialization for MR-S-TS.
8) MR-TTS-NoRIS: Similar to MR-S-NoRIS but exploting
two-timescale CSI, served as a initialization for MR-TTS-TS.
Fig. 2 and Fig. 3 compare the minimum SINR γ of LUs in

different schemes versus satellite transmit power under Rician
factors κN , κR = 0dB and 20dB, respectively, corresponding
to different scattering environments. As readily observed, all
cooperative beamforming schemes outperform the schemes
without the aid of RISs, and the minimum SINR maintains
an increase with transmit power in the first half of curves.
Nevertheless, several interesting observations are made. First,
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Fig. 3. Minimum SINR γ of LUs versus transmit power of LEO satellites
PT with the satellite-to-ground Rician factor κN = 0 dB.

the SINR reaches its peak and no longer increases when
PT becomes sufficiently large, e.g., PT = 24.5W . This
phenomenon can be attributed to the LEO-GEO interference
threshold, which restricts further performance enhancement
with large PT compared to the LEO satellite systems without
spectrum sharing. Second, when κN , κR = 20dB, i.e., under a
high Rician factor, the cooperative beamforming scheme AP-
AO under adaptive precoding outperforms its MR precoding
counterpart due to better intrasystem interference mitigation
ability of adaptive precoding. However, when κN , κR = 0dB,
the MR precoding schemes with two-timescale CSI even out-
perform AP-AO, which conforms to the theoretical expectation
that MR-TT-PA and MR-TT-TS schemes effectively utilize
instantaneous superimposed CSI at the transmitter.

Fig. 4 and Fig. 5 present γ versus LEO-GEO aggregation in-
terference threshold ς under Rician factors κN = 20dB, κR =
10dB and κN = 0dB, κR = 10dB, respectively. It can be
observed that in scenarios with stronger LoS (Fig. 4), the
performance is better than in weaker LoS scenarios (Fig. 5)
because LoS-dominant means highly deterministic CSI for
designing cooperative beamforming accurately. Interestingly,
despite a fixed transmit power, γ improves as ς increases due
to the relaxed LEO-GEO intersystem interference constraints
that are easier to satisfy. Fig. 5 demonstrates that the perfor-
mance gain of utilizing two-timescale CSIs persists. Besides,
a notable distinction compared to Fig. 4 is the presence of a
performance ceiling when ς is sufficiently large. This ceiling
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Fig. 5. Minimum SINR γ of LUs versus LEO-GEO interference threshold ς
with the satellite-to-ground Rician factor κN = 0 dB.

reveals the maximum SINR achievable in an LEO SatCom sys-
tem without implementing LEO-GEO interference mitigation
strategies. Particularly in scenarios where the LoS component
of the channels is weak, the statistical CSI-based transmission
design experiences severe performance degradation.

Fig. 6 and Fig. 7 show the minimum SINR γ versus the
number of RIS subsurfaces M . The findings indicate that
a higher number of subsurfaces leads to improved SINR.
The curve of the AP-AO scheme indicates the performance
gain surpasses O(M) but does not reach the ideal power
scaling law O(M2) [18] due to the intersystem and intrasys-
tem interference. For the MR precoding cases, the two-stage
algorithm designs (MR-S-TS and MR-TTS-TS) closely match
their respective power allocation counterparts (MR-S-PA and
MR-TTS-PA) that use the RIS phase shifts results obtained
from the adaptive precoding case, respectively, validating the
effectiveness of the two-stage design. Again, lower Rician fac-
tors highlight the performance gain provided by two-timescale
CSI. This gain can make the cooperative beamforming under
MR precoding outperform its adaptive precoding counterpart.

In Fig. 8, Fig. 9, and Fig. 10, we present the impact of
Rician factors on the system performance across different
schemes. κR varies from −12dB to 30dB, and κN is set
by 0dB, 10dB, and 20dB in each figure, respectively. It
can be observed that the minimum SINR γ of LUs in all
schemes increases when κN or κR increases. This is be-
cause a larger Rician factor reduces the uncertainty of CSIs
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M with the satellite-to-ground Rician factor κN = 0 dB.

when exploiting only the statistical CSI to design cooperative
beamforming. The performance gradually stays stable around
κR = 15dB. For a small κN regime, MR-TTS-PA and MR-
TTS-TS using two-timescale SCI facilitate better beamforming
gain. However, except for the small κN regime, AP-AO under
adaptive precoding consistently yields higher gains, and the
performance gap between adaptive and MR precoding widens
as κN increases. The optimal scheme in practical scenarios
should consider the signaling and channel estimation overhead
of adaptive precoding and two-timescale CSI. For instance,
the MR-TTS-TS scheme can be chosen for urban or forest
scenarios with weak LoS propagation, the AP-AO scheme can
be chosen for remote hotspot areas or emergency response with
generally better performance, and MR-S-TS can be chosen for
its practicality with relatively low overhead.

Fig. 11 compares the multi-satellite cooperation, denoted by
‘MSC,’ in a cell-free paradigm with a single-satellite transmis-
sion, denoted by ‘SST,’ in a centralized MIMO paradigm. We
only plot AP-AO and MR-TTS-TS schemes with βN = 0dB
and 20dB for clarity, where M-AP and M-MR denote MSC
cases, and S-AP and S-MR denote SST cases using corre-
sponding algorithms. In the SST cases, two LEO satellite
positions are considered: one at a latitude 1.25◦ and the other
at 2.5◦ away from the latitude of the GEO satellite. For a
fair comparison, the same number of transmit antennas and
transmit power in total is assumed. The results indicate that
the performance of SST could outperform MSC when the
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LEO satellite of SST is 2.5◦ away from GEO, attributed to its
superior link budget and coherent beamforming gain. However,
at closer proximity of 1.25◦, SST significantly underperforms
MSC due to the loss of satellite diversity, which is essential
for maintaining LEO SatCom performance while mitigating
intersystem interference. In fact, in SST scenarios, if the
LEO satellite is directly in line with the GEO satellite, the
regulation on LEO-GEO interference mitigation may cause a
malfunction in LEO SatCom. Therefore, with the increasing
emphasis on intersystem interference avoidance, MSC has
shown increasingly higher advantages than SST.
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Fig. 12 illustrates the sum achievable rate of LUs versus the
LEO-GEO interference threshold under various MSC and SST
setups in alignment with configurations in Fig. 11. The MSC
(denoted by ‘M-’) consistently outperform the SST schemes
(denoted by ‘S-’, 1.25◦ away from GEO) across all interfer-
ence thresholds, demonstrating the performance gains through
cooperative multi-satellite strategies. Both adaptive and MR
precoding schemes show substantial improvements in sum rate
with the increase in the LEO-GEO interference threshold. For
SST cases, S-AP consistently outperforms S-MR, indicating
its superior capability in bemforming optimizing. As for MST
schemes, the performance gap between M-AP and M-MR can
be inverse from high to low Rician factor, which highlights
the importance of choosing effective precoding techniques
in maximizing the achievable sum rate. Additionally, the
sum rates under 20dB Rician factor are significantly higher
than those under 0dB, suggesting that more accurate channel
information amplify the benefits of cooperative transmission
strategies.

Fig. 13 compares the total execution time and CPU running
time of the proposed algorithms under various antenna and RIS
subsurfaces configurations. The simulations were performed
using MATLAB R2021a on an Intel(R) Core(TM) i7-10700K
CPU @3.80GHz, with 32 GB RAM. The benchmark scheme
AP-NoRIS shows relatively low execution and CPU running
times across all configurations, as it incurs no additional
computational cost for RIS passive beamforming. In contrast,
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AP-AO has higher execution and CPU running times compared
to AP-NoRIS, indicating better performance but at a higher
computational cost. The power allocation algorithms MR-
S-PA and MR-TTS-PA, based on AP-AO, exhibit moderate
execution and CPU running times, making them practical
choices for implementing MR precoding. However, MR-S-
TS and MR-TTS-TS show notably higher execution and CPU
running times, especially with larger values of M and N .
While MR-TTS-TS offers potentially high performance, its
high computational demands may limit its feasibility for real-
time applications. Besides, the MSC strategies bring com-
putational cost compare to its SST counterpart. To sum up,
using adaptive precoding, less antennas and RIS elements,
less cooperative LEO satellites, and power allocation schemes
are prefered to reduce algorithm running time and improve
practicality.

VIII. CONCLUSION

This paper investigated cooperative multi-satellite multi-RIS
transmission to mitigate LEO-GEO intersystem interference
while improving LEO SatCom. We proposed cooperative
beamforming designs considering adaptive and MR precoding
and statistical and two-timescale CSI within a non-coherent
cell-free paradigm. These designs synthesized the advantages
of cell-free and RIS into SatCom in a practical way. On
leveraging pure statistical CSI, we first proposed an AO-
based design with adaptive precoding, resorting to fractional
programming and manifold optimization methods. Then, under
MR precoding configuration, we derived closed-form expres-
sions of optimization problems, following a power allocation-
based design, and we developed the ES-SP-RMO algorithm
to facilitate a two-stage design. We further extended closed-
form expressions and proposed algorithms to leverage two-
timescale CSI, which can balance the tradeoff between channel
estimation overhead and SatCom performance. Simulation
results validated the effectiveness of cooperative beamforming
schemes in enhancing LEO SatCom and mitigating intersys-
tem interference. Notably, the adaptive precoding case excelled
in high Rician factor environments, while the MR precoding
case effectively leveraged two-timescale CSI and performed
better in low Rician scenarios. The results also highlighted

the importance of multi-satellite diversity and the potential of
RIS for SINR maintenance. Future work includes transmission
designs when LUs use multiple antennas and distributed
processing in multi-satellite multi-RIS cooperation systems.

APPENDIX A
PROOF OF THE DOWNLINK EQUIVALENT SINR

Our proof follows the spirit of the results in [Lemma 2,
17], where multiple transmitters are operated non-coherently
without synchronization. However, in our scenario, each satel-
lite transmitter is equipped with multiple antennas, and these
antennas are operated coherently with synchronization. Specif-
ically, LUs detect the signal from LEO satellites sequentially
by using the average channel E{hHjuwju} only. The received
signal of LU u when detecting signal from j-th LEO satellite
is

yju =yu −
j−1∑
i=1

E
{
hHiuwiu

}
(49a)

=E
{
hHjuwju

}
+
(
hHjuwju − E

{
hHjuwju

})
+

j−1∑
i=1

(
hHiuwiu − E

{
hHiuwiu

})
+

J∑
i=j+1

hHiuwiu

+
J∑
i=1

U∑
v=1,v 6=u

hHivwiv + nu (49b)

where (49a) derived from subtracting the previous j−1 signals.
Only the first term in (49b) is the desired signal, while the
ohter terms are regarded as uncorrelated noise $ju with power

E{|$ju|2}

=

J∑
i=1

U∑
v=1

E{|hHivwiv|2} −
j∑
i=1

|E{hHiuwiu}|2 + σ2
u (50)

Then, the total spectral efficiency of LU u can be expressed
as SEu =

∑J
i=1 SEiu = log2(

∏J
i=1 (1 + SINRiu)), where the

inner term of logarithm function can be calculated as

J∏
i=1

(1 + SINRiu) =
J∏
i=1

(
1 +
|E{hHiuwiu}|2

E{|$iu|2}

)
(51a)
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where the equivalent SINR of LU under non-coherent multi-
satellite transmission can be written as (4).
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