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Abstract—This paper introduces a joint optimization frame-
work for user-centric beam selection and linear precoding (LP)
design in a coordinated multiple-satellite (CoMSat) system, em-
ploying a Digital-Fourier-Transform-based (DFT) beamforming
(BF) technique. Regarding serving users at their target SINRs
and minimizing the total transmit power, the scheme aims to
efficiently determine satellites for users to associate with and
activate the best cluster of beams together with optimizing LP
for every satellite-to-user transmission. These technical objectives
are first framed as a complex mixed-integer programming
(MIP) challenge. To tackle this, we reformulate it into a joint
cluster association and LP design problem. Then, by theoretically
analyzing the duality relationship between downlink and uplink
transmissions, we develop an efficient iterative method to identify
the optimal solution. Additionally, a simpler duality approach for
rapid beam selection and LP design is presented for comparison
purposes. Simulation results underscore the effectiveness of our
proposed schemes across various settings.

Index Terms—Multibeam SATCOM, Linear Precoding, Coor-
dinated Multiple Satellites, Satellite Association, Beam Selection.

I. INTRODUCTION

Satellite communications (SATCOM) with dense satellite
deployment have been considered as an important radio in-
terface that can fulfill global coverage and high data-rate
demands of the next-generation wireless networks [1]–[4].
Launching many spacecrafts on different orbits to form mega
constellations can help future SATCOM systems enlarge the
coverage and signal strength by reducing the satellite-user
distances. Additionally, LP [5]–[7] and coordinated multi-
point transmission (CoMP) [8] technologies for a group of
satellites can be exploited to enhance further the network
capacity [9]. However, using these advanced technologies also
poses challenges in mitigating inter-beam and cross-coverage
interference. To tackle this, one needs to evolve LP and CoMP
designs in the context of dense satellite deployment [10].

Optimizing interference avoidance in multi-beam (MB),
multi-satellite (MSat) systems is crucial. To realize the MB
transmission, the European Space Agency (ESA) has pro-
posed low-complexityBF algorithms using DFT codebooks
for massive multi-input multi-output (mMIMO) payloads to
significantly boost network throughput [6]. The study in [11]
introduced an mMIMO approach for low-earth orbit (LEO)
satellites (LEOSats), utilizing full-frequency-reuse downlink
precoding and uplink detection based on statistical channel
state information (CSI) to enhance the signal-to-noise ratio

(SINR). Further, hybrid precoding frameworks for mMIMO
SATCOM have been proposed in [12], yet their computational
demands challenge payload implementation. The work in [9]
aimed at exploiting the advantages of cooperative BF from
a cluster of neighboring LEOSats to improve the network
capacity and coverage. In [13], authors proposed to utilize
flexible beam scheduling and BF of MB LEOSats to increase
the accuracy of a positioning system by sending signals simul-
taneously from different aircrafts. Authors in [14] proposed
a novel downlink BF approach for a swarm of LEOSats
which can massively increase the network spectral efficiency.
However, implementing the cooperative transmission for MSat
systems has to deal with a critical synchronization challenge.

In this work, we focus on developing an innovative opti-
mization framework to transform user-centric beam selection
and LP within a CoMSat system, utilizing DFT BF. Designed
to minimize transmission power, our method accelerates satel-
lite selection for user connections, identifies the best beam
clusters, and optimizes LP for serving users at their target
SINRs efficiently. Initially posed as a complex MIP-tacking
task, we simplify this into a joint problem of cluster associ-
ation and LP design. A key aspect of our research is analyz-
ing the duality between downlink and uplink transmissions,
leading to an iterative process that accurately identifies the
best solutions. We also offer a simpler, duality-based method
for beam selection and LP design as a point of comparison.
Our simulations validate the efficiency and flexibility of our
approaches, demonstrating marked performance enhancements
across different scenarios. By pushing the boundaries of SAT-
COM technology, our work lays the groundwork for more
efficient strategies in the future.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

This paper considers a DFT-BF-enabled LEO constellation
consisting of 𝐿 LEOSats serving 𝑀 ground single-antenna
users, as illustrated in Fig. 1. One assumes that every satellite
is equipped with a uniform rectangular array (URA) of 𝐾
antennas based on which the DFT-BF technology is employed
to create MB transmission as discussed in [15]. We consid-
ered the users to be very small-aperture terminals (VSATs)
with perfect tracking mechanisms, therefore with a constant
receiver’s antenna gain. Denote 𝑁 the size of the DFT-BF
vectors, examples of beam patterns corresponding to various979-8-3503-6224-4/24/$31.00 ©2024 IEEE



Fig. 1. A coordinated MB MSat system with full potential beams.

Fig. 2. Examples of beam pattern due to selected DFT-vector for 𝑁 = 256:
(a) DFT-vector w1, (b) DFT-vector w5, and (c) DFT-vector w25 [15].
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Fig. 3. 3-dB footprints of 256 beams using 100 sub-array antennas [16].

DFT vectors and 3-dB beam footprints with 𝑁 = 16 × 16 and
𝐾 = 10 × 10 are illustrated in Figs. 2 and 3, respectively,
where the [𝑈,𝑉] coordinates given in Fig. 3 are defined as
𝑈ℓ𝑚 = sin(𝜃ℓ𝑚) cos(𝜙ℓ𝑚) and 𝑉ℓ𝑚 = sin(𝜃ℓ𝑚) sin(𝜙ℓ𝑚) [6].

In this scheme, various LEOSats can be selected to commu-
nicate to different users. To address this LEO-user association,
we introduce 𝑎ℓ𝑚 as the matching binary variables, i.e. 𝑎ℓ𝑚 = 1
if satellite ℓ is assigned to serve user 𝑚 and 𝑎ℓ𝑚 = 0 oth-
erwise. Due to the synchronization challenge, the cooperative
transmission from multiple LEOSats to each user has not been
considered in this work. In this context, only one LEOSat is
selected to serve any user at a specific time, which yields

(𝐶1) :
∑︁
∀ℓ
𝑎ℓ𝑚 = 1 ∀𝑚. (1)

1) DFT-Effective CSI: Assume the same DFT-BF design is
employed at all the payloads. To ease the notation, we denote
beam 𝑛 the propagation pattern due to DFT-vector 𝑛, denoted
as wDFT

𝑛 ∈ C𝐾×1. Let hℓ𝑚 ∈ C𝐾×1 be the channel vector from
LEOSat ℓ to user 𝑚. If user 𝑚’s data is transmitted over beam
𝑛 of LEOSat ℓ, its signal will be multiplied with wDFT

𝑛 before
being propagated through all antennas [15], [16]. Hence, the
DFT-effective channel coefficient to user 𝑚 from beam 𝑛 of
LEOSat ℓ can be denoted as

𝑔ℓ𝑛,𝑚 = hℓ,𝐻
𝑚 wDFT

𝑛 . (2)

2) Beam-wise Linear Precoding: As illustrated in Figs. 2
and 3, applying different DFT vectors can result in beam

patterns with different pointing directions. Hence, 𝑔ℓ𝑛,𝑚 can be
sufficiently strong or neglectable according to the location of
user 𝑚 from LEOSat ℓ’s point of view. In addition, to enhance
MB multiplexing transmission, one can employ beam-wise LP
vectors to different clusters of beams to serve all users.

Regarding this beam-wise LP design, one denotes 𝑢ℓ𝑛,𝑚 ∈ C
as the LP coefficient corresponding signal of user 𝑚 and
beam 𝑛 of satellite ℓ. This LP coefficient can be applied
to the baseband signal transmitted to user 𝑚, which will
be propagated by all antennas with weights defined by DFT
vector w𝑛. Here, the beam selection to serve user 𝑚 can be
cast by norm-ℓ0, i.e., ∥𝑢ℓ𝑛,𝑚∥0 = 1 if beam 𝑛 is assigned to
serve user 𝑚, and ∥𝑢ℓ𝑛,𝑚∥0 = 0 otherwise. Due to the limited
computation power, one assumes that every cluster formed to
serve any user at each LEOSat contains at most 𝐵 beams. This
constraint can be written as

(𝐶2) :
∑︁
∀𝑛
∥𝑢ℓ𝑛,𝑚∥0 ≤ 𝐵 if 𝑎ℓ𝑚 = 1, ∀(ℓ,𝑚). (3)

The cluster serving each user can be formed by carefully
selecting beams from a predetermined set of beams having
efficient links to that user. These beams can be predetermined
based on the location of users and the beams’ footprint given
in Fig. 3. Denote Bℓ𝑚 as such set corresponding to user 𝑚
at satellite ℓ. Regarding the beam-wise LP and DFT-effective
CSI, the received signal at user 𝑚 can be expressed as

𝑦𝑚 =
∑︁
∀ℓ

hℓ,𝐻
𝑚

∑︁
𝑗∈M

∑︁
𝑛∈Bℓ

𝑗

𝑎ℓ𝑗w
DFT
𝑛 𝑢ℓ𝑛, 𝑗𝑥 𝑗 + 𝜂𝑚

=
∑︁
∀ℓ

∑︁
𝑗∈M

∑︁
𝑛∈Bℓ

𝑗

𝑎ℓ𝑗𝑔
ℓ
𝑛,𝑚𝑢

ℓ
𝑛, 𝑗𝑥 𝑗 + 𝜂𝑚, (4)

where M denotes the set of all users and 𝜂𝑚 is the additive
noise. Thus, the SINR of user 𝑚 can be given as

Γ𝑚 (U, A) =
∑

∀ℓ 𝑎
ℓ
𝑚

∑
𝑛∈Bℓ

𝑚
|𝑔ℓ𝑛,𝑚𝑢

ℓ
𝑛,𝑚 |2∑

𝑗≠𝑚

∑
∀ℓ 𝑎

ℓ
𝑗

∑
𝑛∈Bℓ

𝑗
|𝑔ℓ𝑛,𝑚𝑢

ℓ
𝑛, 𝑗 |2 + 𝜎2

, (5)

where (U, A) are matrices representing all 𝑢𝑢,𝑚’s and 𝑎ℓ𝑚’s
while 𝜎2 denotes the noise power.

B. Problem Formulation
Our design aims to jointly optimize satellite-user associa-

tion, determining the beam cluster of the assigned LEOSat
serving each user, and determining the corresponding beam-
wise LP coefficients to minimize the total power transmission
under the constraints on users’ QoS. Then, these technical
design objectives can be cast by the following power mini-
mization problem,

(P1) min
A,U

∑︁
∀ℓ

∑︁
∀𝑚

∑︁
𝑛∈Bℓ

𝑚

|𝑢ℓ𝑛,𝑚 |2 (6a)

s.t. constraints (𝐶1), (𝐶2),
(𝐶3) : Γ𝑚 (U, A) ≥ �̄�𝑚, ∀𝑚 ∈ M, (6b)

where (𝐶3) represents the the required QoS of users. As can
be seen, (P1) is a mixed integer programming which is well-
known as NP-hard and very challenging to solve. To deal
with this critical issue, we propose a novel low-complexity
algorithm in the following.



III. PROBLEM FORMULATION AND STRONG DUALITY
A. Cluster-Association-based Reformulation

To address the challenges in solving (P1) due to the binary
variables and the non-linear function of the sparsity term of
LP coefficients, we first consider the following remark.
Remark 1. Regarding constraint (𝐶2), one can observe that:
(a) If an optimal cluster solution for any user 𝑚 from LEOSat

ℓ contains less than 𝐵 beams, we add some others from
Bℓ𝑚 to obtain a 𝐵-beam cluster and set the LP coefficients
corresponding to these added beams to zeros.

(b) There are a finite number of potential clusters containing
𝐵 beams which can be generated from any Bℓ𝑚. Instead of
dealing with sparsity terms in (𝐶2), one can hence tend
to select the efficient one within these potential clusters.

Thanks to Remark 1, (P1) can be re-formed to a joint cluster
association (CA) and LP design problem as follows. Let Sℓ𝑚
be the set of all possible 𝐵-beam clusters created from Bℓ𝑚.
Here, each member of Sℓ𝑚 is formed from 𝐵 beams of Bℓ𝑚. It
is worth noting that when Bℓ𝑚 ≠ ∅ and |Bℓ𝑚 | ≤ 𝐵, Sℓ𝑚 can be
set to contain only one cluster which is formed by all beams
in Bℓ𝑚. Then, if |Bℓ𝑚 | > 𝐵, number of possible clusters from
LEOSat ℓ can be defined as

𝑇ℓ𝑚 =

(
𝐵ℓ𝑚

𝐵

)
=

𝐵ℓ𝑚!
𝐵!(𝐵ℓ𝑚 − 𝐵)!

, (7)

where 𝐵ℓ𝑚 = |Bℓ𝑚 |. Here, one can recall that 𝑇ℓ𝑚 = 0 if Bℓ𝑚 = ∅
and 𝑇ℓ𝑚 = 1 if Bℓ𝑚 ≠ ∅ and |Bℓ𝑚 | ≤ 𝐵. We further denote
S𝑚 the set of all possible 𝐵-beam clusters from all LEOSats
corresponding to user 𝑚, i.e., S𝑚 =

⋃
∀ℓ Sℓ𝑚.

Remark 2. From S𝑚, the tasks of beam selection and satellite
assignment in (P1) can be cast by CA for each user. Specif-
ically, once a cluster from S𝑚 is selected to serve user 𝑚,
the LEOSat and beams corresponding to this cluster can be
considered as the solution for user 𝑚 in problem (P1).

Denote 𝑇𝑚 = |S𝑚 | =
∑

∀ℓ 𝑇
ℓ
𝑚. Then, any specific cluster in

S𝑚, denoted as C𝑡𝑚 (1 ≤ 𝑡 ≤ 𝑇𝑚), can be chosen to serve user
𝑚. Let u𝑡𝑚 =

[
𝑢𝑛,𝑚 |𝑛 ∈ C𝑡𝑚

]
denote a vector formed by beam-

wise LP coefficients serving user 𝑚 of all beams in cluster C𝑡𝑚.
We also denote g𝑡

𝑗,𝑚 the concatenated channel vector from
beams in C𝑡𝑚 to user 𝑗 which is generated from all 𝑔ℓ

𝑛, 𝑗 of
LEOSat ℓ and all beam 𝑛 corresponding to C𝑡𝑚. Then, the
SINR of user 𝑚 if it is served by cluster C𝑡𝑚 can be given as

Γ̂𝑡𝑚 = |g𝑡𝐻𝑚,𝑚u𝑡𝑚 |2/
∑︁

𝑗∈M/𝑚

∑︁
𝑘∈S 𝑗

|g𝑘𝐻𝑚, 𝑗u
𝑘
𝑗 |2 + 𝜎2. (8)

Let binary variable {𝑟 𝑡𝑚}, (𝑚 ∈ M, 1 ≤ 𝑡 ≤ 𝑇𝑚) represent the
association between user 𝑚 and cluster C𝑡𝑚, i.e., 𝑟 𝑡𝑚 = 1 if user
𝑚 is served by cluster C𝑡𝑚, 𝑟 𝑡𝑚 = 0 otherwise. Then, the joint
cluster-associate and LP design problem is defined as

(P2) min
{u𝑡

𝑚 },{𝑟 𝑡𝑚 }
Φ(U, {𝑟 𝑡𝑚}) =

∑︁
𝑚∈M

∑︁
𝑡∈S𝑚

u𝑡𝐻𝑚 u𝑡𝑚 (9a)

s.t. (𝐶3′) :
∑︁
𝑡∈S𝑚

𝑟 𝑡𝑚Γ̂
𝑡
𝑚 ≥ �̄�𝑚,∀𝑚 ∈ M, (9b)

(𝐶4) :
∑︁
∀𝑡
𝑟 𝑡𝑚 = 1,∀𝑚 ∈ M, (9c)

where (𝐶4) guarantees that every user is associated with only
one cluster. Unfortunately, (P2) is still a challenging MIP.

B. Joint Cluster-Association and LP Design
1) Binary-Variable Omitting Transformation: It needs to be

noticed that 𝑟𝑘
𝑗
= 0 if u𝑘𝐻

𝑗
u𝑘
𝑗
= 0 and vice versa. Based on

this, a novel algorithm is developed to deal with problem (P2)
by first omitting {𝑟 𝑡𝑚} to form the following problem,

(P3) min
{u𝑡

𝑚 }

∑︁
𝑚∈M

∑︁
𝑡∈S𝑚

u𝑡𝐻𝑚 u𝑡𝑚 s.t. (𝐶3′) :
∑︁
𝑡∈S𝑚

Γ̂𝑡𝑚 ≥ �̄�𝑚,∀𝑚. (10)

Proposition 1. The relationship between (P2) and (P3) can
be cast in the following comments:

i) The minimum total transmit power obtained from solving
(P3) is a lower-bound to that obtained from solving (P2).

ii) Let {u𝑡∗𝑚} be an optimal solution of (10). Then, {u𝑡∗𝑚} is
also a feasible solution for (P2) if “there is only one 𝑡,
1 ≤ 𝑡 ≤ 𝑇𝑚 for each user 𝑚 such that u𝑡∗𝐻𝑚 u𝑡∗𝑚 > 0 and
u𝑘∗𝐻𝑚 u𝑘∗𝑚 = 0, ∀𝑘 ≠ 𝑡”. This “IF” is named as Cond-1.

Proof: The proposition can be proved briefly as follows:
i) Regarding that that 𝑟 𝑡𝑚 = 0 if u𝑡𝐻𝑚 u𝑡𝑚 = 0 and vice versa, the
optimal LP solution of (P2) must satisfy constraint (𝐶3′) of
(P3). Hence, the minimum power obtained from solving (P3)
is a lower-bound to that due to (P2).
ii) Then, if {u𝑡∗𝑚} satisfies Cond-1, {u𝑡∗𝑚} must be also a
feasible solution for (P2). Therefore, {u𝑡∗𝑚} satisfying Cond-1
must be an optimal solution the problem (P2).

Thanks to Proposition 1, it is left to find a solution of (P3)
that should satisfy Cond-1.

2) Strong Duality (P3): We first express the Lagrangian
function of problem (P3) as

L(U, 𝝀) =
∑︁

∀(𝑚,𝑡 )
u𝑡𝐻𝑚 u𝑡𝑚−

∑︁
𝑚∈M
𝜆𝑚

( ∑︁
𝑡∈S𝑚

��g𝑡𝐻𝑚,𝑚u𝑡𝑚
��2

�̄�𝑚
−
∑︁
𝑗≠𝑚

∑︁
𝑘∈S 𝑗

���g𝑘𝐻𝑚, 𝑗u
𝑘
𝑗

���2− 𝜎2
)

=
∑︁
𝑚∈M

𝜆𝑚𝜎
2 +

∑︁
𝑚∈M

∑︁
𝑡∈S𝑚

u𝑡𝐻𝑚 Ω𝑡𝑚 (𝝀)u𝑡𝑚, (11)

where Ω𝑡𝑚 (𝝀) = I𝑡𝑚− 𝜆𝑚

�̄�𝑚
g𝑡𝑚,𝑚g𝑡𝐻𝑚,𝑚+∑ 𝑗≠𝑚𝜆 𝑗g𝑡𝑗,𝑚g𝑡𝐻

𝑗,𝑚, 𝜆𝑚’s are

Lagrange multipliers of (𝐶3′) and 𝝀 = [𝜆1, ...,𝜆𝑀 ]. Regarding
(11), the dual function can be given as g(𝝀) = minU L(U, 𝝀).
It can be verified from (11) that if any matrix Ω𝑡𝑚 (𝝀) is not
positive semi–definite, there will exist u𝑡𝑚 that makes 𝑔(𝝀, 𝜇)
unbounded below. Then, the dual problem can be written as

(PD
3 ) max

𝝀≥0

∑︁
𝑚∈M

𝜆𝑚𝜎
2 (12a)

s.t. (𝐶5) : I𝑡𝑚+
∑︁
𝑗≠𝑚

𝜆 𝑗g𝑡𝑗,𝑚g𝑡𝐻𝑗,𝑚 ⪰ 𝜆𝑚

�̄�𝑚
g𝑡𝑚,𝑚g𝑡𝐻𝑚,𝑚,∀(𝑡,𝑚).(12b)

Note that when (P3) is infeasible, one has a weak duality
between the primary and dual problems. Then, the dual
problem (PD

3 ) will be unbounded above, i.e., 𝜆𝑚 → ∞. Hence,
in this work, we assume that problem (P3) is feasible.

Theorem 1. The strong duality holds if (P3) is feasible.

Proof: Denote 𝝀★ as the optimal solution of (P3). Thanks
to the strong duality properties given in [17], [18], to fulfill
the proof, it is left to find U★ = arg minU L(U, 𝝀★) which is
also a feasible solution of (P3) and satisfies the following,

𝜆𝑚

(∑︁
∀𝑡

��g𝑡𝐻𝑚,𝑚u𝑡𝑚
��2/�̄�𝑚 −

∑︁
𝑗≠𝑚

∑︁
∀𝑘

���g𝑘𝐻𝑚, 𝑗u
𝑘
𝑗

���2 − 𝜎2
)
= 0, ∀𝑚. (13)



We will prove this by employing the contradiction approach.
Assume there exists 𝑚 ∈ M such that Ω𝑡𝑚 (𝝀★) ≻ 0 for all 𝑡1.
Then, we can keep all 𝜆★

𝑗
( 𝑗 ≠ 𝑚) unchanged, and increase 𝜆★𝑚

to a value �̄�𝑚 corresponding to which there appears 𝑡𝑚 with
holding the corresponding constraint (12b), (i.e. ⊁_ 0). Hence,
we can find another feasible solution of (PD

3 ) and
∑

∀𝑚 𝜆𝑚 >∑
∀𝑚 𝜆

★
𝑚, which results in a contradiction. Hence, for each user

𝑚, one can determine at least one 𝑡𝑚 so that Ω𝑡𝑚𝑚 (𝝀★) ⊁_ 0. For
this cluster of user 𝑚, there exists û𝑡𝑚𝑚 such that û𝑡𝑚𝐻𝑚 Ω

𝑡𝑚
𝑚 û𝑡𝑚𝑚 =

0. According to û𝑡𝑚𝑚 , u𝑡𝑚𝑚 ≠ 0 can be defined. Then, all other
clusters 𝑡, 𝑡 ∈ S𝑚/{𝑡𝑚}, with strict inequalities, i.e. Ω𝑡𝑚 (𝝀★) ≻
0, we can set u𝑡★𝑚 to all-0 vector.

Remark 3. The proof has also suggested an efficient approach
to obtain 𝝀★ by alternatively updating one element of 𝝀. At
the convergence point, the probability of having two or more
clusters 𝑡𝑚 at a specific value of 𝜆𝑚 that have that Ω𝑡𝑚𝑚 (𝝀★) ⊁_ 0,
is almost zero for most practical systems, except for the cases
where the channels from two groups are exactly symmetric.
Hence, it almost surely happens that all other constraints (12b)
are strict, i.e., Ω𝑡𝑚 (𝝀★) ≻ 0,∀𝑡 ≠ 𝑡𝑚. Regarding this, the
optimal solution of (P3) should satisfy Cond-1.

IV. DOWNLINK-UPLINK DUALITY-BASED LP DESIGNS

A. Dual Uplink System Model

We examine a dual virtual uplink system where each cluster
acts as a base station. The uplink channel matrices are obtained
by transposing the downlink ones, assuming the noise at
cluster C𝑡𝑚 follows a zero-mean AWGN with covariance matrix
𝜎2I. Let 𝑝𝑚 represent the transmitting power of user 𝑚. When
user 𝑚 is associated with cluster C𝑡𝑚, the system employs the
receiving BF vector û𝑡𝑚 to decode the signal of user 𝑚. In this
uplink scenario, the CA involves selecting a cluster from S𝑚
that allows user 𝑚 to meet the SINR target �̄�𝑚 with minimum
power transmission. The design goal is to jointly optimize
the power allocation 𝑝𝑚, receiving BF vectors û𝑡𝑚, and BS
association to satisfy the SINR constraints. This leads to an
uplink optimization problem described as

min
{û𝑡

𝑚 },{ �̂�𝑚 }

∑︁
𝑚∈M

𝑝𝑚 (14a)

s.t. max
𝑡∈S𝑚

𝑝𝑚 |û𝑡 ,𝐻𝑚 g𝑡𝑚,𝑚 |2∑
𝑗≠𝑚

𝑝 𝑗 |û𝑡 ,𝐻𝑚 g𝑡
𝑚, 𝑗 |2 + 𝜎2û𝑡 ,𝐻𝑚 û𝑡𝑚

≥ �̄�𝑚,∀𝑚 ∈ M. (14b)

Proposition 2. Problem (P3) can be solved via a dual uplink
problem (14) with similar SINR constraints. Specifically, its
Lagrangian dual problem (PD

3 ) can be rewritten as

min
{û𝑡

𝑚 },{𝜆𝑚 }

∑︁
𝑚∈M

𝜆𝑚𝜎
2 (15a)

s.t. max
𝑡∈S𝑚

𝜆𝑚𝜎
2 |û𝑡 ,𝐻𝑚 g𝑡𝑚,𝑚 |2∑

𝑗≠𝑚

𝜆 𝑗𝜎
2 |û𝑡 ,𝐻𝑚 g𝑡

𝑚, 𝑗 |2 + 𝜎2û𝑡 ,𝐻𝑚 û𝑡𝑚
≥ �̄�𝑚,∀𝑚 ∈ M. (15b)

where 𝑝𝑚 = 𝜆𝑚𝜎
2. If (15) is feasible, its optimal solution is

also optimal to (PD
3 ) . Otherwise, (PD

3 ) is unbounded above.

1A ≻ 0, A ⪰ 0, and A ⊁_ 0 indicate that A is positive definite, positive semi–
definite, and positive semi–definite but not positive definite, respectively.

Proof: The proposition can be proved by following a
similar approach as in [18]. It can be briefly given as follows.
For given 𝝀, the optimal receive precoding vector at cluster
C𝑡𝑚 can be defined based on the MMSE receiver, i.e.,

û𝑡𝑚 =

(∑︁
∀ 𝑗
𝜆 𝑗g𝑡𝑚, 𝑗g

𝑡 ,𝐻
𝑚, 𝑗 + I

)−1
g𝑡𝑚,𝑚. (16)

Substituting this result into constraint (15b) yields,

𝜆𝑚

(
1 + 1

�̄�𝑚

)
max
𝑡∈S𝑚

g𝑡 ,𝐻𝑚,𝑚

(∑︁
∀ 𝑗
𝜆 𝑗g𝑡𝑚, 𝑗g

𝑡 ,𝐻
𝑚, 𝑗 + I

)−1
g𝑡𝑚,𝑚 ≥ 1. (17)

As can be observed, if (15) is feasible, it is clear that at
optimality the set of inequality constraints (17) must be met
at equality. Regarding Lagrangian dual problem (PD

3 ), thanks
to Lemma 1 in [19], constraints (12b) can be recast as,

𝜆𝑚

(
1 + 1

�̄�𝑚

)
max
𝑡∈S𝑚

g𝑡 ,𝐻𝑚,𝑚

(∑︁
∀ 𝑗
𝜆 𝑗g𝑡𝑚, 𝑗g

𝑡 ,𝐻
𝑚, 𝑗 + I

)−1
g𝑡𝑚,𝑚 ≤ 1. (18)

Again, if (PD
3 ) is feasible, (18) should be also met at equality.

Therefore, problems (17) and (PD
3 ) are equivalent since 𝜆𝑚’s

in both problems are the fixed point of the following equations,

𝜆𝑚

(
1 + 1

�̄�𝑚

)
max
𝑡∈S𝑚

g𝑡 ,𝐻𝑚,𝑚

(∑︁
∀ 𝑗
𝜆 𝑗g𝑡𝑚, 𝑗g

𝑡 ,𝐻
𝑚, 𝑗 + I

)−1
g𝑡𝑚,𝑚 = 1. (19)

The results given in [18], [19] have proved that this fixed point
is unique if it exists. Under such circumstances, this fixed point
represents the optimal solution to both problems.

B. Iterative Algorithm for Solving Problem (P3)
This section focuses on identifying the fixed point for

equations (19), from which the optimal LP vectors can be
established. By reformulating (19) into a fixed point iteration
format, 𝜆𝑚 in the (𝑞 + 1)𝑡ℎ iteration can be obtained as

𝜆
(𝑞+1)
𝑚 = min

𝑡∈S𝑚

𝑓 𝑡𝑚 (𝝀 (𝑞) ), (20)

where 𝑓 𝑡𝑚 (𝝀) = (1 + 1/�̄�𝑚)−1/
[
g𝑡 ,𝐻𝑚,𝑚

( ∑
∀ 𝑗 𝜆 𝑗g𝑡𝑗,𝑚g𝑡 ,𝐻

𝑗,𝑚 +
I
)−1g𝑡𝑚,𝑚

]
. Due to [18], [19], 𝑓 𝑡𝑚 (𝝀) qualifies as a standard

function, adhering to three key properties: positivity, mono-
tonicity, and scalability. Consequently, if a fixed point of (19)
exists, its uniqueness is guaranteed, and the iterative process
detailed in (20) will converge fast to the fixed point.

Once, 𝝀★ is determined, according to that given in the proof
of Theorem 1, the cluster serving user 𝑚 can be defined as

𝑡𝑚 = arg min
𝑡∈S𝑚

𝑓 𝑡𝑚 (𝝀★). (21)

Then, we set u𝑡★𝑚 to all-0 vector for all 𝑡 ∈ S𝑚/{𝑡𝑚}.
Utilizing û𝑡𝑚𝑚 given in (16) to indicate u𝑡𝑚★𝑚 , we substitute
u𝑡𝑚★𝑚 =

√
𝛿𝑚û𝑡𝑚𝑚 into (13) to obtain the following equation,
𝛿𝑚

�̄�𝑚
|g𝑡𝑚,𝐻
𝑚,𝑚 û𝑡𝑚𝑚 |2 − 𝛿 𝑗

∑︁
𝑗≠𝑚

|g𝑡 𝑗 ,𝐻
𝑗,𝑚 û𝑡 𝑗

𝑗
|2 = 𝜎2, ∀𝑚. (22)

Defining F ∈ R𝑀×𝑀 with [F]𝑚,𝑚 = (1/�̄�𝑚) |g𝑡𝑚,𝐻
𝑚,𝑚 û𝑡𝑚𝑚 |2 and

[F]𝑚, 𝑗 = −|g𝑡 𝑗 ,𝐻
𝑚, 𝑗 û𝑡 𝑗

𝑗
|2, (22) can be rewritten as F𝜹 = 1𝜎2

where 𝜹 = [𝛿1, ..., 𝛿𝑀 ]𝑇 . Based on that, 𝜹 can be defined as

𝜹 = F−11𝜎2. (23)



Algorithm 1 DUALITY CLUSTER-ASSOCIATION AND LP DESIGN

1: Initialize 𝜆𝑚 > 0, ∀𝑚 ∈ M.
2: repeat
3: Update 𝜆𝑚 as described in (20).
4: until Convergence to 𝝀★.
5: for 𝑚 = 1 : 𝑀 do
6: Select cluster 𝑡𝑚 = arg min𝑡∈S𝑚 𝑓 𝑡𝑚 (𝝀★) .
7: Set u𝑡★

𝑚 to all-0 vector for all 𝑡 ∈ S𝑚/{𝑡𝑚}.
8: end for
9: Calculate 𝜹 as described in (23).

10: Determine the LP vector for user 𝑚 as in u𝑡𝑚★
𝑚 =

√
𝛿𝑚û𝑡𝑚

𝑚 , for all
𝑚 ∈ M.

Algorithm 2 SIMPLE ALGORITHM

1: For every user 𝑚, define the associated cluster as 𝑡 ′𝑚 =

arg max𝑡∈S𝑚 |g𝑡𝑚,𝑚 |2.
2: repeat
3: Update 𝜆𝑚 as 𝜆(𝑞+1)

𝑚 = 𝑓
𝑡′𝑚
𝑚 (𝝀 (𝑞) ) ,.

4: until Convergence to 𝝀′.
5: Calculate 𝜹′ as described in (23) with 𝝀′ and {𝑡 ′𝑚}’s.
6: For every user 𝑚, determine its LP vector u𝑡′𝑚

𝑚 =
√︁
𝛿′𝑚û𝑡′𝑚

𝑚 , for all 𝑚 ∈
M. Set u𝑡

𝑚 to all-0 vector for all 𝑡 ∈ S𝑚/{𝑡 ′𝑚}.

These processes are summarized in Algorithm 1. It is worth
noting that Algorithm 1 returns the optimal solution of prob-
lem (15) which is also optimal to (P𝐷3 ) and (P3), thanks
to Theorem 1 and Proposition 2. Furthermore, this optimal
solution satisfies Cond-1; hence, this is the solution of (P2).

C. Simple Solution and Complexity Analysis

1) Simple Solution: For comparison purposes, this section
introduces a simple solution where the CA process can be
simplified based on the effective channel vectors. Specif-
ically, the cluster solution for user 𝑚 can be defined as
𝑡′𝑚 = arg max𝑡∈S𝑚

|g𝑡𝑚,𝑚 |2. Then, the corresponding LP vectors
can be determined by exploiting the uplink-downlink duality
approach given in [19] which is similar to the design process
presented in the previous section, or SDP method as in [8]. In
particular, the simple solution is summarized in Algorithm 2.

2) Complexity Analysis: This section investigates the com-
plexities of our two proposed approaches. We observe that both
algorithms comprise two processes: (i) iterative updating of 𝝀
and (ii) determining LP vectors. While the second process re-
mains consistent across both approaches, a notable difference
exists in their implementation for the first. Specifically, during
each iteration of updating 𝝀, for each user (𝑚), Algorithm 1
calculates the value of 𝑓 𝑡𝑚 (𝝀) function 𝑇𝑚 times to determine
𝑡𝑚, whereas Algorithm 2 only requires a single calculation of
𝑓 𝑡

′
𝑚(𝝀). Let 𝐽it represent the average number of iterations

for the first process in both algorithms. Research in [18]–
[20] confirms that the iterative process converges rapidly when
a fixed point exists. Considering the computational efforts
related to matrix inversion and multiplication, the complexities
of our two proposed approaches are presented as follows:

𝑋Alg.1 = O(𝐽it𝐿𝑀𝑆
𝐵𝐵3 + 𝑀3), (24)

𝑋Alg.2 = O(𝐿𝑀𝐵2 + 𝐽it𝑀𝐵
3 + 𝑀3). (25)

where 𝑆 represents the maximum element number of Bℓ𝑚’s.

Fig. 4. LEO-position simulation settings -“https://satellitemap.space/”.

TABLE I
SIMULATION PARAMETERS

Forward link carrier frequency 19 GHz
Number of simulated users 10 − 70
Uniform rectangular array (URA) size 10 × 10
Array element normalized spacing 2.5
Array element radiation model 2 × 2 URA sub-array
FFT size 16 × 16 (2D)
User terminal antenna gain 41.45 dBi
Temperature at user terminals 224.5 K
Channel Model (Adopt and calibrate for LEO) Refer to [6]
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Fig. 5. Total transmission power vs cluster sizes.

V. NUMERICAL RESULTS

In this simulation, we analyze an MSat system composed
of three STARLINK LEOSats with locations (Latitude, Lon-
gitude) at (52.817247, 9.291984), (52.589261, 7.669242), and
(52.054784, 7.876349). We consider several users randomly
distributed within a rectangular area defined by latitude and
longitude limits from (51.0, 5.5) to (54.0, 9.5). The simulation
parameters are detailed in Table I. Channel vectors from the
LEOSats to users are generated based on the model described
in [6] with movement-regarded calibration, while the DFT BF
vectors are adopted from our previous research [15], [16]. To
assign Bℓ𝑚 for user 𝑚 (for any ℓ and 𝑚), we calculate its
(𝑈,𝑉) coordinate from the perspective of LEOSat ℓ, compare
this coordinate with those of the beam centers illustrated in
Fig. 3, and identify the five nearest beams as the elements of
Bℓ𝑚. Then, we fix the cluster size at 3, i.e., 𝐵 = 3 except in
the simulation relating to Fig. 5. The target SINRs of all users
are set the same as 𝛾, i.e., �̄�𝑚 = 𝛾, ∀𝑚 ∈ M, and the value
of 𝛾 is varied in different simulation settings.

In Fig. 5, we present the total transmission power returned
by our proposed methods as the cluster size (𝐵) varies, to
assess the impact of MB LP design on SATCOM performance.
Here, a cluster size of 1 implies that only a single beam
from the associated LEOSat is selected to serve each user. As
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expected, both algorithms exhibit a reduction in transmission
power with increasing cluster sizes. Specifically, with the
setting of 𝑀 = 10 and 𝛾 = 5 dB, the transmission power
according to Algorithm 1 decreases approximately five-fold
when the cluster size increases from 1 to 2. The total required
power can be degraded by 3 times further when the cluster
size expands to 3, before seemingly saturating at a cluster
size of 4. Similar trends can be observed for the outputs of
Algorithm 1 under a different simulation setting and also for
Algorithm 2 across all settings. These results significantly
highlight the advantages of LP technologies in MB-enabled
SATCOM systems. Notably, Algorithm 1 consistently requires
less transmission power than Algorithm 2, showcasing the
effectiveness of our joint LP and CA strategy in managing
MB transmission of the CoMSat systems.

Figs. 6 and 7 show how the total transmission power
required by the two proposed approaches varies with different
target SINR values for users and the number of users in the
system under various simulation settings. As anticipated, the
need for higher SINRs for users leads to an increased demand
for transmission energy to meet these targets. Furthermore, the
system requires more transmission power as the number of
users increases. Again, Algorithm 1 consistently returns lower
required transmission power than Algorithm 2 does. Notably,
as the system’s transmission load increases, either by raising
the target SINR or by adding more users to the network, the
difference in power requirement between the two algorithms
grows exponentially. These findings distinctly highlight the
advantages of using a jointly designed LP and CA mechanism.

VI. CONCLUSION

This paper has presented a novel joint optimization frame-
work enhancing MB transmission and CoMSat systems via

efficient CA, beam selection, and LP designs. Utilizing
downlink-uplink duality, we devised an efficient iterative
method for optimal solutions and introduced a simpler alterna-
tive for beam selection and LP design. Our simulations confirm
the effectiveness and adaptability of these approaches across
different settings, contributing theoretical insights and practical
strategies to improve SATCOM performance.
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