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Abstract

Low Earth Orbit (LEO) satellite communication (SatCom) has drawn particular attention recently

due to its high data rate services and low round-trip latency. It has low launching and manufacturing

costs than Medium Earth Orbit (MEO) and Geostationary Earth Orbit (GEO) satellites. Moreover, LEO

SatCom has the potential to provide global coverage with a high-speed data rate and low transmission

latency. However, the spectrum scarcity might be one of the challenges in the growth of LEO satellites,

impacting severe restrictions on developing ground-space integrated networks. To address this issue,

cognitive radio and rate splitting multiple access (RSMA) are the two emerging technologies for high
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spectral efficiency and massive connectivity. This paper proposes a cognitive radio enabled LEO SatCom

using RSMA radio access technique with the coexistence of GEO SatCom network. In particular, this

work aims to maximize the sum rate of LEO SatCom by simultaneously optimizing the power budget

over different beams, RSMA power allocation for users over each beam, and subcarrier user assignment

while restricting the interference temperature to GEO SatCom. The problem of sum rate maximization is

formulated as non-convex, where the global optimal solution is challenging to obtain. Thus, an efficient

solution can be obtained in three steps: first we employ a successive convex approximation technique

to reduce the complexity and make the problem more tractable. Second, for any given resource block

user assignment, we adopt Karush–Kuhn–Tucker (KKT) conditions to calculate the transmit power over

different beams and RSMA power allocation of users over each beam. Third, using the allocated power,

we design an efficient algorithm based on the greedy approach for resource block user assignment.

For comparison, we propose two suboptimal schemes with fixed power allocation over different beams

and random resource block user assignment as the benchmark. Numerical results provided in this work

are obtained based on the Monte Carlo simulations, which demonstrate the benefits of the proposed

optimization scheme compared to the benchmark schemes.

Index Terms

Rate splitting multiple access, cognitive radio, LEO SatCom, GEO SatCom, spectral efficiency

optimization.

I. INTRODUCTION

Satellite communication (SatCom) has recently gained significant attention in industry and

academia due to its capability to provide global coverage and support a wide range of services

[2]. Three existing SatCom types are the Geostationary Earth Orbit (GEO) satellite, the Medium

Earth Orbit (MEO) satellite, and Low Earth Orbit (LEO) satellite. Due to the low orbit profile, the

LEO SatComhas the ability to provide high-speed data and connect massive ground users with

low round-trip latency [3]. Moreover, its manufacturing and launching costs are comparatively

lower than GEO and MEO satellite systems, making it more likely to achieve global coverage.

However, the increasing demand for different services would require many LEO satellites in

orbit, which can be challenging using limited spectrum resources [4]. In such a spectrum scarcity

situation, satellites in different orbits would need to reuse the same spectrum and cover the same

geographical area on the earth, creating the issue of mutual interference. Therefore, allocating

spectrum efficiently among satellites in different orbits can be a critical issue if not adequately

resolved. As a result, the future development of large-scale LEO SatCom networks can be
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seriously affected. In this regard, researchers are actively pursuing and exploring new approaches

for developing next-generation LEO SatCom [5]. One of the potential approaches which can

be helpful in this situation is efficient spectrum sharing across different orbits using advanced

spectrum allocation techniques [6].

Cognitive radio and rate splitting multiple access (RSMA) have emerged as the promising

technologies for providing high spectral efficiency and have the potential to ease the above

situation [7], [8]. These technologies can simultaneously accommodate multiple users over

the same spectrum and time resources, which significantly enhances the system connectivity.

More specifically, in cognitive radio, the licensed primary and unlicensed secondary networks

communicate over the same spectrum such that the secondary network would not cause harmful

interference to the primary network [9]. On the other side, the fundamental concept of RSMA

is to accommodate multiple users over the same spectrum and time resources. According to

RSMA protocol, the signal transmitted to the users is divided into two signals, i.e., the common

part and the private part [10]. The common parts of the signals can be combined into a single

common signal first and then it encoded with a public shared code-book. In contrast, the private

parts of the signals can be independently encoded to specific intended users. Each user first

decodes the common part of the signal using the shared code-book. Then users reconstruct the

original signals from the part of their common and intended private signals using the successive

interference cancellation (SIC) technique.

The most common schemes of RSMA are 1-layer RSMA, 2-layer RSMA and generalized

RSMA, respectively. These RSMA schemes use linear precoding techniques. 1-layer rate split-

ting, the foundation of nearly all RSMA schemes, is the simplest and most practical RSMA

scheme currently in use. Extensive research has been conducted on 1-layer rate splitting. The

transmitter activated the message combiner and used linear precoding in accordance with its

principles. Every message is divided into a public and a private version. All users’ shared

messages are merged into a single one and encoded into a single stream using a universal

codebook. However, each user’s private communications are encoded in their own separate private

stream. And while everyone can decode the public message, only the intended recipients can

read the private ones. The 2-layer RSMA scheme was initially proposed for frequency division

duplex massive multiple input multiple output to improve the system’s robustness and achievable

rate. On the basis of its principle, the system categorizes its users into different sets. A user’s

message was divided into an outer group common message, an inner group message, and a private
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message in each group. Then, everyone in the network receives the same inter-group message

that has been encoded into a standard data feed using the same codebook. When members of a

group exchange messages with one another, they combine those messages into a single message

that is then encoded into a common stream for the group using a secret codebook. Only people

who use it can crack the code. Private messages are encrypted in several separate private streams,

each of which can only be read by its corresponding user.

A. Recent Works

The spectrum sharing methods in non-terrestrial networks has gained much interest due to the

limited resources. For instance, the authors of [11], [12] have investigated co-channel interference

in the coexistence network of LEO and GEO for both uplink and downlink communication, as

well as investigated the effect of isolation angle on interference magnitude. Following that, to

mitigate the interference between LEO and GEO SatCom networks and efficiently utilize of

shared spectrum, the works in [13]–[15] have applied an adaptive power control technique to

maximize the throughput of the system. Their proposed power control technique substantially

impacts the throughput of the LEO SatCom network. In a similar fashion, the authors in [16] have

used beam hopping and power control to realize LEO and GE spectrum sharing. They maximize

the spectral efficiency of GEO SatCom while restricting the interference temperature to LEO

SatCom. Moreover, Zhang et al. [17] have improved the performance of phased array antenna

through a nonlinear programming problem such that the quality of services of LEO SatCom

and interference to GEO SatCom are protected. The works in [18], [19] have also analysed

interference among GEO and non-GEO SatCom systems. Further, Reference [3] has solved

a continuous power control problem for dynamic spectrum sharing and cooperative services

between GEO and LEO SatCom networks.

Besides the above works that focus on spectral coexistence in non-terrestrial networks, some

researchers have proposed non-orthogonal multiple access (NOMA) as a promising alternative

for providing higher spectral efficiency and massive connectivity than classic orthogonal multiple

access (OMA) approaches. NOMA allows multiple users to communicate over the same spectrum

simultaneously. For this, the authors in [20] have considered NOMA in the multiple input

multiple output (MIMO) SatCom system to design and optimize the precoding vector and transmit

power. Similarly, the work in [21] has addressed the principles, methodology, and challenges

of NOMA-based multi-satellite relay transmission. Moreover, the authors of [22] have proposed
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an optimization algorithm for the user grouping technique and the transmit power allocation for

the SatCom network using the NOMA technique. Following that, it is perceived that the sum

rate performance in [23] is better than [22], which uses a fixed beamforming method. Further,

to reduce the completion time, the authors in [24] have used the concept of cooperative NOMA

in LEO SatCom networks. To reduce the power consumption of LEO SatCom, Yin et al. [25]

have employed NOMA with defective SIC for robust beamforming.

Recently, it has been proved that RSMA outperforms NOMA in providing high spectral

efficiency [26]. Although RSMA is extensively integrated to the terrestrial networks, some

researchers have also considered RSMA for SatCom networks. For example, authors in [27],

[28] have considered RSMA for GEO satellite communication and solved the max-min fairness

problem using Weighted Minimum-Mean Square Error approach. Similarly in [29], the authors

have considered RSMA for GEO unmanned aerial vehicle integrated networks. They investigate

the sum rate maximization problem using sequential convex approximation and the first-order

Taylor expansion approaches. Moreover, the works in [30], [31] have investigated the max-min

data rate problems in GEO SatCom networks using RSMA technique. They consider RSMA

beamforming and two-stage precoding schemes with imperfect channel state information.

B. Motivation and Contributions

Based on the detailed literature, it can be observed that [3], [11]–[17] provide spectrum

sharing method, however they do not consider RSMA. Moreover, researchers of [20]–[25] employ

NOMA as a multiple access technique instead of RSMA technique. Further, the works in [27]–

[31] consider RSMA only in GEO satellite communication and they do not consider cognitive

radio. Based on the available literature, the work that considers cognitive radio approach for

spectral coexistence of GEO and LEO SatCom network using RSMA technique has not been

investigated yet. To fill this potential research gap, this work consider cognitive radio enabled

LEO SatCom using RSMA. The objective of this work is to maximize the spectral efficiency of

the system under different practical constraints. In particularly, we simultaneously optimize the

power budgets over the beams of LEO satellite, power allocation coefficients for ground users

over each beam based on RSMA protocol, and resource block user assignment. The optimization

framework is subjected to the interference temperature at GEO SatCom from LEO SatCom and

the quality of services of LEO users. The formulated problem of spectral efficiency is not convex

and obtaining a global optimal solution is challenging. Thus, we first adopt the successive convex
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approximation technique to make the problem more tractable, where a properly chosen surrogate

can efficiently replace the original non-convex function. Then we apply Karush–Kuhn–Tucker

(KKT) conditions for power allocation and an efficient algorithm for subcarrier beam assignment

based on the greedy approach. We also propose two suboptimal schemes with a fixed power

budget at each beam and random subcarrier beam assignment as the benchmark. The main

contributions of our paper can be summarized as follow.

• We proposes a cognitive radio enabled for LEO SatCom network using RSMA technique.

Specifically, we consider that LEO SatCom operates as a secondary network with the

existing primary GEO SatCom by sharing the same spectrum resources. To ensure the quality

of services of primary GEO SatCom network, the proposed optimization framework restricts

the interference temperature from secondary LEO SatCom to GEO SatCom network. The

primary GEO SatCom uses orthogonal multiple access (OMA) technique to communicate

with ground users using multiple resource blocks. The same resource blocks are then solely

reused by the beams of LEO SatCom such that each beam uses one resource block to

accommodate ground users using RSMA protocol. This work aims to maximize the sum

rate of LEO SatCom network by optimizing various network resources such as power

budget of different beams at LEO satellite, RSMA power allocation users over each beam,

and resource block user assignment.

• The optimization problem of sum rate maximization guarantees the quality of services of

LEO users while restricts the interference temperature to GEO users. The optimization

problem is formulated as non-convex and coupled with multiple variables, which makes it

very challenging to obtain the global optimal solution. Therefore, we obtain a suboptimal yet

efficient solution in three steps: first we adopt successive convex approximation technique to

reduce the complexity and make the problem tractable. Second, for any given resource block

user assignment, we exploit KKT conditions to obtain the closed-form solution over each

beam. Third, using the calculated value of power over different beams and RSMA users,

we designed an efficient algorithm for resource block user assignment using the greedy

approach.

• To evaluate the performance of the proposed framework, numerical results are also pro-

vided and discussed. For fair comparison, we also provided two benchmark optimization

frameworks with fixed power allocation over different beams and random resource block
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Fig. 1: System Model of cognitive radio enabled SatCom network using RSMA technique, where a licensed primary

GEO SatCom network share the available spectrum resources with unlicensed secondary LEO SatCom network in

downlink transmission.

user assignment. In particular, the first benchmark optimizes transmit power of RSMA

users and resource block user assignment while distributing the power of satellite over

different beams equally. The second benchmark optimizes the transmit power over different

beams and RSMA power allocation while assigning resource block user randomly. Results

demonstrate the benefits of the proposed optimization framework for cognitive radio enabled

LEO SatCom network compared to the other two benchmark frameworks. In addition, our

proposed technique is low complex and converges after reasonable number of iterations.

The reminder of this work can be structured as follow. Section II discusses channel and system

model of cognitive radio enabled LEO SatCom network, followed by sum rate maximization

problem. Section III provides the proposed optimization solution and Section IV provides and

discusses the numerical results. Finally, Section V end up this paper with concluding remarks.

Different notations used in this work are listed in Table 1.
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II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a cognitive radio-enabled Ka-band multi-beam LEO SatCom

network using RSMA technique. In the considered model, LEO SatCom operates as a secondary

network in the coverage area of primary GEO SatCom network by sharing the same spectrum

resources. LEO SatCom and GEO SatCom share K resource blocks for accommodating single

antenna ground users. To guarantee the quality of services of primary GEO SatCom, our proposed

optimization framework restricts the interference temperature from LEO SatCom to the ground

users of primary GEO SatCom. We consider that primary GEO SatCom communicates with

ground users using OMA technique such that each resource block can accommodate one ground

user. Meanwhile, the secondary LEO SatCom solely reuses the same resource block such that

each beam accommodates multiple ground users through a single resource block using RSMA

protocol1. This work assumes that the channel state information is perfectly known for the entire

network. We denote the set of total LEO beams as M , total ground users as U and the subset

of users associated with m beam via k resource block as Um, where Um << U and m ∈ M .

Let’s call the total amount of antenna feeds Nt. According to the authors in [32], the array-fed

reflector can convert Nt feed signals into M transmitted signals (i.e., one signal per beam) that

can be broadcast across the multi-beam coverage region. Next, considering the modern satellite

architecture [33], the proposed system considers a single feed per beam, i.e., only one feed is

required to generate one beam. Based on this observation, the number of antenna feeds is similar

to the number of beams. The overall messages intended to ground users associated with M beams

over K resource blocks can be expressed as W1,1, . . . ,Wm,k, . . . ,WM,K . Each message splits into

two parts, i.e., private message and common message such as Wm,k → {Wm,c,k,Wm,u,k}. All the

common messages are combined and encoded into a single common stream shared by all group

such as W1,c,1, . . . ,Wm,c,k, . . . ,WM,c,K . Accordingly, the private messages are combined and

encoded into private stream over each beam independently, i.e., Wm,1,k, . . . ,Wm,u,k, . . . ,Wm,Um,k.

The single common message and Um private messages are independently encoded into stream

sm,c,k, sm,1,k, . . . , sm,u,k, . . . , sm,Um,k, where sm,c,k and sm,u,k are the encoded private and common

symbols. Next we define a linear precoding vectors as wm,c,k,wm,1,k, . . . ,wm,Um,k ∈ CNt×1 and

1In this work, we adopt the 1-layer rate splitting which is expected to be a more practical RSMA scheme [26]. Moreover, it

is the basic building block of all existing RSMA schemes.
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W = [wm,c,k,wm,1,k, . . . ,wm,Um,k] ∈ CNt×(Um+1). The overall transmitted signal of m beam

to Um users over k resource block can be written as

sm,k =
√
ηm,c,kpm,kwm,c,ksm,c,k +

Um∑
u=1

√
ηm,u,kpm,kwm,u,ksm,u,k, (1)

where pm,k denotes the transmit power of m beam at k resource block. ηm,0,k and ηm,u,k are

the power allocation coefficients of the common message sm,0,k and private message sm,u,k over

k resource block. In practice, a satellite requires very high bandwidth for communications, the

channel between the satellite and the ground terminal can be considered to be block fading, which

remains constant over a block of the enormous number of symbols. Based on this observation

and following research work in [3], we consider a block faded channel model from m beam to

u user over k resource as hm,u,k = h̄m,u,ke
j̄2πξm,u,k ∈ CNt×1, where ξm,u,k denotes the Doppler

shift, j̄ =
√
−1 [34], and h̄m,u,k represents the complex-valued channel gain. Considering large

and small scale fading, h̄m,u,k can be expressed as

h̄m,u,k =

√
GTGR

( c

4πfcdm,u,k

)2

(2)

where GR is the gains of received antenna while c is the speed of light and fc is the carrier

frequency. Moreover, dm,u,k denotes the distance between m beam and u user over k resource

block. Furthermore, Gm,u,k is the transmit antenna gain m beam which mostly dependant on

antenna radiation pattern and user locations. In the proposed system, it is approximated as

Gm,u,k = Gmax

[
J1(%m,u,k)

2%m,u,k
+ 36

J3(%m,u,k)

%3
m,u,k

]2

, (3)

where %m,u,k = 2.07123 sin (θm,u,k)/ sin(θ3dB), where θm,u,k is the angle between ground user

and the centre of m beam for any given ground user location. Moreover, the angle of 3 dB

loss relative to the beam’s center is denoted by θ3dB. Furthermore, Gmax is the maximum gain

observed at each beam centre. In addition, J1 and J2 are the first-kind Bessel functions with

order 1 and order 3, respectively. The total signal that u ground user receives from m beam over

k resource block can be expressed as

ym,u,k = hm,u,k
√
pm,kηm,0,ksm,0,k

+ hm,u,k

Um∑
i=1

√
ηm,i,kpm,ksm,i,k

+ gm
′

m,u,k

√
qm′,u′,k, zm′,u′,k + ωm,u,k, (4)
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where gm
′

m,u,k is the channel gain from the m′ GEO2 beam to u user of m LEO beam over k

resource block [35], qm′,u′,k′ represents transmit power of m′ beam for u′ user over k resource

block, and zm′,u′,k′ is the transmitted signal. Moreover, ωm,u,k ∈ CN (0, N0INt) is the additive

white Gaussian noise of u user. To ensure that the common signal can be successfully decoded

by all users associated with m beam of LEO satellite over k resource block, the achievable data

rate of the common message can be stated as

Rm,c,k = min
u∈U

B log2(1 + γm,c,k), (5)

with

γm,c,k =
|wH

m,c,khm,u,k|2ηm,0,kpm,k
|gm′
m,u,k|2qm′,u′,k + IRm,c,k

+ σ2
, (6)

where IRm,c,k
= |wH

m,u,khm,u,k|2
∑U

j=1,j 6=u xm,j,kηm,j,kpm,k is the interference of RSMA users dur-

ing decoding of common signal, B is the bandwidth available at m beam and σ2 = wH
m,c,kωm,u,k.

Next we define an efficient resource block user assignment to beam criterion based on binary

decision. Let us consider that xm,u,k ∈ {0, 1} is the binary variable of resource block user

assignment which can be expressed as

xm,u,k =


1 if u user is assigned to m beam over k

resource block,

0 otherwise.

(7)

Since Rm,c,k is the shared signal between users on k resource block such that Cm,u,k denotes

the portion of u’s user data rate, where
∑U

u=1 Cm,u,k ≤ Rm,c,k.

After successfully decoding the common signal sm,0,k, each user also decodes its private signal,

the achievable data rate of u user to decode its private signal sm,u,k can be written as

Rm,u,k = B log2(1 + γm,u,k), (8)

with

γm,u,k =
|wH

m,u,khm,u,k|2ηm,u,kpm,k
gm

′
m,u,kqm′,u′,k + IRm,u,k

+ σ2
, (9)

2The channel model of GEO is different from LEO due to characteristic differences in orbits and terminals. The main difference

is that we consider Doppler shift effect in the channel model of LEO due to very high velocity. This effect can be safely ignored

in the channel model of GEO.
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where IRm,u,k
= |wH

m,u,khm,u,k|2
∑U

j=1,j 6=u xm,j,kηm,j,kpm,k denotes the RSMA interference during

decoding of private signal. Given the achievable data rate of common and private signals, the

total achievable data rate of u user from m beam over k resource block can be written as

Rtot = Cm,u,k +Rm,u,k.

To ensure the quality of services of GEO SatCom, our optimization framework restrict the

interference temperature from LEO SatCom to GEO ground users. Specifically, the interference

from m beam of LEO satellite over k resource block at GEO user should be restricted as

fmm′,u′,kpm,k ≤ Ith,∀m, k (10)

where Ith is the maximum interference temperature threshold to GEO user from m beam of

LEO satellite over k resource block.

Given the proposed system model, we seek to maximize the spectral efficiency of cognitive

radio enabled LEO SatCom network by optimizing the transmit power of all beams, RSMA

power allocation over each beam and resource block user assignment while ensuring the quality

of services of both LEO ground users and GEO ground users. This optimal framework can be

achieved by formulating and solving the following sum rate maximization problem

Rsum =
M∑
m=1

K∑
k=1

U∑
u=1

xm,u,k(Cm,u,k(η, c) +Rm,u,k(η)) (11)

where η = [ηm,0,k, ηm,1,k, ηm,2,k, . . . , ηm,u,k, . . . , ηm,U,k] is the vector of power allocation coeffi-

cients and c = [Cm,1,k, Cm,2,k, . . . , Cm,u,k, . . . , Cm,U,k] denotes the common data rate vector of

all users over k subcarrier. The maximum sum rate can be achieved through efficient subcarrier

beam assignment and power allocation at secondary LEO satellite while control the interference

temperature to primary GEO satellite and guarantee the minimum data rate of LEO users. A

complete optimization framework of joint power allocation and resource block user assignment
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can be modeled as

max
(η,c,x,p,w)

Rsum (12)

s.t.



C1 :
M∑
m=1

K∑
k=1

xm,u,k(Cm,u,k +Rm,u,k) ≥ Rmin, ∀u,

C2 :
U∑
u=1

xm,u,kCm,u,k ≤ Rm,c,k, ∀m, k,

C3 : fmm′,u′,kpm,k ≤ Ith,∀m, k,

C4 : ηm,0,k +
U∑
u=1

xm,u,kηm,u,k ≤ 1, ∀m, k,

C5 :
M∑
m=1

K∑
k=1

pm,k ≤ Ptot,

C6 : |wm,u,k|2 = 1,∀m, k, u,

C7 :
M∑
m=1

K∑
k=1

xm,u,k = 1,∀u,

C8 : xm,u,k ∈ {0, 1}, ∀m, k, u,

where constraint C1 guarantees the data rate of u user over k resource block and Rmin denotes the

threshold of minimum data rate. Constraint C2 bounds the proposed framework to successfully

decode the common signal of all users associated with m beam over k resource block. Constraint

C3 limits the interference temperature from m beam of LEO satellite to u′ GEO user over k

resource block. Constraint C4 control the total allocated power at each beam while constraint C5

controls the total energy consumption of LEO satellite, where Ptot shows the total power budget

threshold. Moreover, C6 represents the precoding vector constraint. Then, Constraints C7 and C8

say that a user should be assigned a single beam and only one resource block.

III. PROPOSED OPTIMIZATION SOLUTION

It can be observed that the sum rate maximization problem in (12) is non-convex due the

rate expressions and binary variable. Moreover, the problem is coupled on multiple optimization

variables and poses high complexity. Based on the nature of this problem, it is very challenging

to obtain the joint optimal solution. To reduce the problem complexity and make the problem

more tractable, we obtain a suboptimal yet efficient solution. For any given resource allocation

at the system, the signal to interference plus noise ratios of both private and common messages
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depend on the precoding vectors. Following the work in [36], the efficient precoding vectors

which balance both interference and noise can be expressed as

wm,c,k = (N0INt + hm,u,kh
H
m,u,k

U∑
j=1

xm,j,kηm,j,kpm,k)
−1hm,u,k,∀c (13)

wm,u,k = (N0INt + hm,u,kh
H
m,u,k

U∑
j 6=u

xm,j,kηm,j,kpm,k)
−1hm,u,k,∀p (14)

Next the efficient solution of power allocation and resource block user assignment can be

achieved in three steps. First, we adopt successive convex approximation (SCA) technique

to reduce the complexity and make the optimization problem more tractable. Second, for any

given resource block user assignment, the efficient transmit power can be calculated using KKT

conditions. Third, using the calculated value of transmit power, we design efficient resource block

user assignment based on greedy approach. According to SCA technique [37], the original non-

convex functions can be efficiently replaced by properly chosen surrogates. By applying this,

the data rate of u user associated with m beam over k resource block can be written as

Rm,u,k = Wτm,u,k log2(γm,u,k) +$m,u,k, (15)

where τm,u,k =
γm,u,k

1+γm,u,k
and $m,u,k = log2(1 + γm,u,k)− τm,u,k log2(γm,u,k). Similarly, we apply

SCA for the data rate of the common message as

Rm,c,k = min
u∈U

W log2(1 + γm,c,k) +$m,c,k, (16)

where τm,c,k =
γm,c,k

1+γm,c,k
and $m,c,k = log2(1 + γm,c,k) − τm,c,k log2(γm,c,k). Next we calculate

efficient transmit power for any given resource block user assignment.

A. Efficient Power Allocation

For any given resource block user assignment, we calculate efficient power budget for different

beams at LEO satellite and RSMA power allocation for users at each beam. The original joint

problem in (12) can be efficiently re-transformed to power allocation subproblem as

P1 max
(η,c,p)

Rsum (17)

s.t. C1, C2, C3, C4, C5.
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Now we define a Lagrangian of problem (17) as

L = −
M∑
m=1

K∑
k=1

U∑
u=1

xm,u,k(Cm,u,k(η, c) +Rm,u,k(η))+

U∑
u=1

λ1u

(
Rmin −

M∑
m=1

K∑
k=1

xm,u,k(Cm,u,k +Rm,u,k)
)

+

M∑
m=1

K∑
k=1

λ2m,kxm,u,k

( U∑
u=1

Cm,u,k −Rm,c,k

)
+

M∑
m=1

K∑
k=1

λ3m,k

(
fmm′,u′,kpm,k − Ith

)
+

M∑
m=1

K∑
k=1

λ4m,k

(
ηm,0,k+

U∑
u=1

xm,u,kηm,u,k − 1
)

+ λ5
( M∑
m=1

K∑
k=1

pm,k − Ptot
)
. (18)

where λ represent Lagrangian multipliers. Now we applying KKT conditions [38] to calculate

transmit power over each beam by computing partial derivation with respect to pm,k. Applying

KKT conditions we know that:

∂L

∂pm,k
= 0, (19)

Computing the gradient we get:
U∑
u=1

U∑
j=1,j 6=u

(
λ5 + fmm′,u′,kλ3m,kxm,u,k −

λ2m,kγm,c,kWxm,u,k
pm,k

−
λ1uγm,u,kWxm,u,k

pm,k
−

(Ip + σ2)γm,u,kWxm,u,k
pm,k(Ipσ2 + hm,u,kηm,j,kpm,kxm,j,k)

− (Ip + σ2)γm,j,kWxm,j,k
pm,k(Ipσ2 + hm,j,kηm,u,kpm,kxm,u,k)

)
= 0, (20)

Simplifying this we get:
U∑
u=1

U∑
j=1,j 6=u

(
− (Ip + σ2)γm,j,kWxm,j,k(Ip + σ2 + hm,u,kηm,j,kpm,kxm,j,k)− (Ip + σ2)γm,u,k

Wxm,u,k(Ip + σ2 + hm,j,kηm,u,kpm,kxm,u,k) + pm,k(Ip + σ2 + hm,u,kηm,j,kpm,kxm,j,k)(λ5+

fmm′,u′,kλ3m,kxm,u,k)(Ip + σ2 + hm,j,kηm,u,kpm,kxm,u,k) + (Ip + σ2 + hm,u,kηm,j,kpm,kxm,j,k)

(Ip + σ2 + hm,j,kηm,u,kpm,kxm,u,k)(−λ2m,kγm,c,kWxm,u,k − λ1nγm,u,kWxm,u,k)

)
= 0, (21)

Further simplifying and rearranging the equation we can write the equation in terms of pm,k as:

ζ3p
3
m,k + ζ2p

2
m,k + ζ1pm,k + ζ0 = 0, (22)
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where the values of ζ3, ζ2, ζ1 and ζ0 are defined as

ζ3 =
U∑
u=1

U∑
j=1,j 6=u

hm,j,khm,u,kηm,j,kηm,u,kxm,j,kxm,u,k

(λ5 + fmm′,u′,kλ3m,kxm,u,k), (23)

ζ2 =
U∑
u=1

U∑
j=1,j 6=u

hm,j,kηm,u,k(Ip + σ2)xm,u,k(λ5 + fmm′,u′,k

λ3m,kxm,u,k) + hm,u,kηm,j,kxm,j,k(λ5(Ip + σ2)+

fmm′,u′,kλ3m,k(Ip + σ2)xm,u,k − hm,j,kηm,u,k

(λ2m,kγm,c,k + λ1nγm,u,k)Wxm,u,k), (24)

ζ1 =
U∑
u=1

U∑
j=1,j 6=u

(Ip + σ2)(λ5σ2 + fm,kλ3m,kσ
2xm,u,k

+ Ip(λ5 + fmm′,u′,kλ3m,kxm,u,k) +W (−hm,j,kηm,u,k

(λ2m,kγm,c,k + γm,u,k + λ1uγm,u,k)xm,u,k

− hm,u,kηm,j,kxm,j,k(γm,j,kxm,j,k

+ λ2m,kγm,c,kxm,u,k + λ1uγm,u,kxm,u,k))), (25)

ζ0 =
U∑
u=1

U∑
j=1,j 6=u

−(Ip + σ2)2W (γm,j,kxm,j,k + (λ2γm,c,k

+ γm,u,k + λ1uγm,u,k)xm,u,k), (26)

with Ip = gm
′

m,u,kqm′,u′,k which represents the interference from GEO transmissions to LEO ground

users. Next we find the solution of pm,k which can be obtained by solving the polynomial in

(22) using any mathematical solver. Then solving for nm,n,k can be obtained as

ηm,n,k =
µ1±

√
µ2

µ3
, (27)

where there values of µ1, µ2 and µ3 can be written as

µ1 =
U∑

j=1,j 6=u

−λ4m,k(Ip + σ2) + hm,j,kpm,kW (−γm,j,k

xm,j,k + (1 + λ1u)γm,u,kxm,u,k), (28)
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µ2 =
U∑

j=1,j 6=u

4hm,j,k(1 + λ1u)λ4m,kpm,k(Ip + σ2)γm,u,kW

xm,u,k + (λ4m,k(Ip + σ2)hm,j,kpm,k(γm,j,kxm,j,k−

(1 + λ1u)γm,u,kxm,u,k))
2, (29)

µ3 =
U∑

j=1,j 6=u

2hm,j,kλ4m,kpm,kxm,u,k. (30)

Similarly we solve ηm,0,k. The value of ηm,0,k can be computed as

ηm,0,k =
λ2m,kγm,c,kW

λ4m,k
. (31)

It can be seen that the considered problem is affine with respect to Cm,u,k. We know that for affine

problems the local maxima is also the global maxima, as in any given interval there can be only

one extrema (problems having multiple extrema are non-convex in nature and an affine problem

can never be non-convex). Therefore, we employ gradient ascend optimization technique to find

the optimal solution. In this technique, the framework updates the parameter in the increasing

direction of the gradient, hence, resulting in a solution that provides the maximum value of the

objective function. Based on gradient ascent method, in each iteration, the value of Cm,u,k can

be updated as:

Cm,u,k = Cm,u,k + δ(1 + λ1u − λ2m,k). (32)

Accordingly, the values of Lagrangian multipliers can be updated as:

λ1u = λ1u + δ
(
Rmin −

M∑
m=1

K∑
k=1

xm,u,k(Cm,u,k +Rm,u,k)
)
, (33)

λ2m,k = λ2m,k + δxm,u,k

( U∑
u=1

Cm,u,k −Rm,c,k

)
, (34)

λ3m,k = λ3m,k + δ
(
fmm′,u′,kpm,k − Ith

)
, (35)

λ4m,k = λ4m,k + δ
(
ηm,0,k +

U∑
u=1

xm,u,kηm,u,k − 1
)
, (36)

λ5 = λ5 + δ
( M∑
m=1

K∑
k=1

pm,k − Ptot
)
. (37)

where δ is the positive step size.
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Algorithm 1: Resource Block User Assignment
Step 1: Initialize all the system parameters

Step 2: Assignment process

1) Set Um = Um = d U
M
e, x = zeros(M,U,K)

2) for a = 1 : Um

3) for b = 1 : M

4) for c = 1 : K

5) Find e such that hm,e,k = max(hm,:,k) (where

hm,:,k are the channel gains of all users not

assigned a beam yet)

6) Set xm,u,k = 1

7) Remove user e from the list of users awaiting

subcarrier and beam assignment

8) end for

9) end for

10) end for

11) Return xm,u,k

B. Efficient Resource Block User Assignment

Next, we solve the problem of efficient resource block user assignment. For available power

allocation at satellite, the problem (12) can be simplified to a resource block user assignment

subproblem as

P2 max
(x)

Rsum (38)

s.t. C1, C2, C6, C7.

To solve problem (38), we propose an efficient algorithm based on a greedy approach. According

to this algorithm, the problem can be solved such that the best available option for resource block

user assignment can be selected at any given moment [39]. This algorithm always goes for the

best local option to produce the global best result. For U LEO users in the system, each beam

is transmitting data to Um subset of users where Um is computed as Um = Um = d U
M
e the dψe

function rounds up ψ to the closest integer. Then each beam of every subcarrier is allocated to
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the user, which has maximum channel gain on the beam. After this, the assigned user is removed

from the list of the users that are not allocated a beam yet. Similarly, a user is assigned to every

beam. This process is repeated Um times. At the end, each beam has approximately Um users,

and we get the efficient solution of xm,u,k3. The detailed steps of the proposed technique are

also summarized in Algorithm 1.

C. Complexity Analysis

In this subsection, we discuss the computational complexity of the proposed framework (pro-

posed framework) and benchmark frameworks (proposed framework 1 and proposed framework

2). More specifically, the proposed framework refers to the optimization framework provided

in Section III-A and III-B, where we optimize the values of xm,u,k, pm,k, ηm,n,k and Cm,u,k,

respectively. In benchmark framework 1, the values of all other variables are optimized where

as the available power is distributed equally among all the beams such that the interference

threshold in not violated i.e., pm,k = min
( Ith
fm,k

,
Ptot
MK

)
. In the case of benchmark framework 2,

all the other variables are optimized but the resource block and users are assigned to each beam

randomly.

In this work, we refer to ”complexity” as the number of iterations required for the convergence

of the lagrangian multipliers involved in the proposed framework. As recalled, the original

problem of sum rate maximization has been decoupled into two subproblems and then solved.

In particular, the power budget of each beam and the RSMA power allocation of ground users

have been calculated for any given resource block user assignment in the solution of subproblem

P1. Then, for the given calculated values of transmit power, the efficient resource block user

assignment algorithm has been designed in the solution of subproblem P2. The detailed steps

of resource block user assignment are also provided in Algorithm 1. Therefore, in a given

iteration, the complexity of the proposed framework for solving subproblem P1 can be expressed

as O(2UM), where the U is the number ground users and M denotes the number of LEO

beams. Similarly, the complexity of the proposed framework for solving subproblem P2 can

be stated as O(UK2), where K is the set of resource blocks. Now we consider that the total

iterations required for the optimization process is Ψ , then the total computational complexity

3Here, it is important to mention that we do not claim this technique to provide the optimal value of xm,u,k. However, it

can be seen in the results section that our algorithm provides very good performance compared to the case where channels and

beams are assigned randomly.
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Fig. 2: Convergence of Lagrangian multipliers involved in the proposed framework.

of the proposed framework for solving subproblem P1 and subproblem P2 can be written as

O{Ψ(2UM + UK2)}. Now we discuss the complexity of proposed framework 1 and proposed

framework 2, respectively. Based on the optimization variables, the total complexity of the

proposed framework 1 can be given as O{Ψ(2U +UK2)}. Accordingly, the total complexity of

proposed framework 2 O{Ψ(2UM)}.

IV. NUMERICAL RESULTS AND DISCUSSION

This section provides numerical results and their discussion. Unless stated otherwise, we follow

[2], [3], [16] to set the values of the following parameters for simulations. It is worth mentioning

here that we do not compare the proposed RSMA scheme with NOMA scheme because it has

already been proven that a system with NOMA scheme has been significantly outperformed by

the system with RSMA scheme [40]. The number of resource blocks as K = 5, number of beams

as M = 5, number of LEO users as U = 2K, maximum interference threshold to GEO users

as Ith = 3 Watts, minimum data rate of each user as Rmin = 1 Mbps, total transmit power as

Ptot = 60 Watts, GTGRλ
2

4πdm,u,k
= 1 [20], and interference from GEO satellite over each resource block

as Ip = 4 Watts4. Moreover, we consider the frequency band as 19 GHz(Ka) and bandwidth over

each beam as W = 10 MHz. We compare the performance of three optimization frameworks,

4In the proposed framework, each beam can use a single resource block for communication with two LEO RSMA users



20

35 40 45 50 55 60 65 70 75 80

Ptot (Watt)

30

32

34

36

38

40

42

44

46

48

S
um

 r
at

e 
of

 L
E

O
 S

at
C

om
 (

M
bp

s)

Proposed framework
Benchmark framework 1
Benchmark framework 2

Fig. 3: Impact of Ptot on the sum rate of the system and the performance comparison of different optimization

frameworks.

i.e., proposed framework, benchmark framework 1 and benchmark framework 2, respectively.

The proposed framework is provided in Section III-A and B while proposed framework 1 and

proposed framework 2 are explained in Section III-C.

To validate the complexity analysis as discussed in Section III-C, we first plot the vector pf

Lagrangian multipliers, i.e., λ against the number of iterations as shown in Fig. 2. We can see

that different values in λ converge within reasonable number of iterations. Overall our proposed

framework provides significant performance in terms of the sum rate of the system by optimizing

multiple variables of the system with reasonable complexity.

Figure 3 studies the effect of Ptot on the sum rate offered by all the proposed frameworks.

An increase in Ptot results in increasing the sum rate in all proposed optimization frameworks.

An interesting thing to note here is that when Ptot is increased, the performance gap between

benchmark framework 2 and benchmark framework 1 decreases while the gap between proposed

framework and benchmark framework 1 increases. This is because in the case of proposed

framework and benchmark framework 2, when the interference threshold of a beam is met with

equality, the remaining power is distributed efficiently among other beams, which can not be done

in the case of benchmark framework 1. It is also clear from Fig. 3 that the proposed framework

provides the best performance for any value of Ptot. Further, it can be seen that optimizing xm,u,k
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Fig. 4: Percentage gain in sum rate by the proposed framework compared to benchmark framework 1 and benchmark

2.

is more beneficial than optimizing pm,k, as benchmark framework 1 outperforms benchmark

framework 2. Further, Fig 4 shows the percentage gain in sum rate of LEO SatCom network

when the proposed framework is employed to the proposed model instead for the benchmark

framework 1 and benchmark framework 2. This figure shows that the percentage gain in sum

rate5 decreases with increasing Ptot when the proposed framework is compared with benchmark

framework 2. However, when the proposed framework is compared to the benchmark framework

1, initially there is a slight decrease in the percentage gain, but after a certain point, as shown in

Fig. 3, the benchmark framework 1 starts to show convergence behaviour where increasing Ptot

has very little impact on the sum rate of the system. Therefore, at these points, the percentage

increase in the sum rate of employing the proposed framework starts to increase.

The impact of increasing Ith on the sum rate of the system is shown in Fig. 5. An increase in

Ith results in increasing the sum rate of LEO SatCom network because the transmission power

can be increased while satisfying the interference threshold. However, after a certain value of Ith

when the threshold is further increased, the sum rate remains unchanged in the case of proposed

framework. Because at this point, the transmission is already being done with full available power.

An interesting thing to note in Fig. 5 is that initially, the gap between benchmark framework 1 and

5The percentage gain is computed as
(Rate of Proposed framework− Rate of Benchmark)× 100

Rate of Benchmark
.
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Fig. 5: The effect of increasing Ith on the sum rate of the system offered by all schemes for increase the total

available power of LEO SatCom network.
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Fig. 6: Percentage gain in sum rate by the proposed framework compared to benchmark framework 1 and benchmark

2 when increase the interference temperature threshold from LEO SatCom to GEO SatCom.

benchmark framework 2 is more, which decreases with increasing Ith but after a certain point,

the gap starts to increase again. This is because at smaller values of Ith, the transmission power

of all the beams is bounded by the interference threshold. When the value of Ith is increased,

the transmission power of some beams becomes unbounded by the threshold. At these points,
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Fig. 7: Impact of number of beams at LEO satellite on the performance of the system when increasing the total

transmit power.

the frameworks where pm,k is optimized allocate the extra power from the bounded beams to

other beams. Thus, the gap in performance increases. However, after a certain point, when Ith is

further increased, the transmission power of no beam is bounded by Ith. Hence, at these points,

the benefit of optimizing pm,k increases. Therefore, the gap between benchmark framework 1 and

benchmark framework 2 increases and performance gap between benchmark framework 1 and

proposed framework decreases at these values of Ith. Moreover, Fig 6 depicts the percentage gain

in sum rate of LEO SatCom network when the proposed framework is employed to the proposed

model instead for the benchmark framework 1 and benchmark framework 2. This figure shows

that the percentage gain in sum rate decreases with increasing Ith when the proposed framework

is compared with benchmark framework 2. However, when the proposed framework is compared

to the benchmark framework 1, initially there is a slight decrease in the percentage gain, but

after a certain point, as shown in Fig. 3, the benchmark framework 1 starts to show convergence

behaviour where increasing Ith has very little impact on the sum rate of the system. Therefore,

at these points, the percentage increase in the sum rate of employing the proposed framework

starts to increase.

The impact of number of beams M on the sum rate of the system using the proposed framework

is shown in Fig. 7. It can be seen from the figure that the proposed framework with more
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Fig. 8: Percentage gain in sum rate by the proposed framework when changes the number of beams at LEO SatCom.

beams provides better performance compared to those with less beams. It is because more M

accommodate more RSMA users which enhances the sum rate of SatCom network. Further, when

Ptot is increased after a certain point, there is no improvement in the system performance because

the transmission power of each beam (pm,k) becomes bounded by the interference threshold

(Ith). However, the point where increasing Ptot has no impact on the sum rate (convergence like

behaviour) comes sooner for the systems with smaller value of M . Besides, Fig. 8 shows that a

significant impact in performance by proposed framework is achieved when the value of M is

increased from 3 to 5. For example, the percentage gain in sum rate by adding just two beams

is more than 100%. However, when the value of M is increased from 5 to 7, the percentage

increase in the sum rate is far less. Further, the percentage increase in the sum rate by applying

proposed framework increase with the increasing Ptot. This is because the system with smaller

M shows convergence like behaviour (where increasing Ptot little impact on the sum rate) for

smaller values of Ptot. Therefore, it becomes more beneficial to have larger values of Ptot when

the LEO satellite has larger number of beams.

V. CONCLUSION

Cognitive radio and RSMA have the potential to provide massive connectivity in space-

ground communication networks. This paper has proposed RSMA for cognitive radio GEO-LEO

coexisting satellite networks. Specifically, a new solution for maximizing the spectral efficiency
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of the secondary LEO system has been provided. The proposed framework has simultaneously

optimized the transmit power of all beams, RSMA based power allocation over each beam, and

resource block user assignment subject to each user’s minimum rate and interference temperature

to GEO ground users. To handle the non-convex optimization problem, a successive convex

approximation technique, KKT conditions, and greedy-based algorithm have been adopted to

obtain the efficient solution. For fair comparison, we proposed two benchmark optimization

frameworks. Numerical results demonstrate that the proposed optimization scheme significantly

improves the system performance with reasonable complexity. The system proposed in this work

can be extended in several ways. One of the possible extensions would be considering multiple

GEO and LEO satellites such that GEO satellites act as the primary network and LEO satellites

act as the secondary network. In such a scenario, high levels of interference from primary to

secondary to primary and from primary to secondary would be more challenging to manage. The

possible solution could be applying reinforcement learning to handle such complex problems,

which might be very hard to solve through conventional techniques.
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TABLE I: Different symbols and definition

Symbol Definition

K Number of resource blocks

M Number of LEO satellite beams

U Set of total LEO users

Um Set of users over m beam

k Index of k resource block

m Index of m beam

u Index of u user in set N

sm,k Overall signal over k resource block

sm,0,k Common data symbol over k resource block

sm,u,k Private data symbol over k resource block

pm,k Transmitted power of m beam over k

ηm,0,k, ηm,u,k RSMA power allocation coefficients

hm,u,k Channel gain from m beam to u user

GT Gain of transmit antenna

GR Gain of received antenna

D Distance from satellite to user

c Speed of light

fc Carrier frequency

ym,u,k Received signal at user

gu,k Channel gain from GEO to u user over k

qu,k Transmit power of GEO over k

ej,k Signal of j GEO user over k

ωm,u,k Additive white Gaussian noise.

W Bandwidth available at LEO satellite

Rm,c,k Data rate of common signal

xm,u,k Assignment variable of user & resource block

Rm,u,k Data rate of private signal

σ2 Noise variance

IRm,c,k RSMA user interference for common signal

IRm,u,k RSMA user interference for private signal

fm,j,k Channel gain from LEO to GEO user

Ith Threshold of maximum interference temperature

Rmin Threshold of minimum data rate

Ptot Total power budget of LEO satellite

δ Positive step size
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TABLE II: Simulation parameters

Parameter Value

Frequency band fc 19 GHz(Ka)

Total power budget Ptot 60 Watts

Number of LEO beams M 5

Number of LEO ground users U 2M

Number of resource blocks K 5

Interference from LEO to GEO Ith 3 Watts

Interference from GEO to LEO IP 4 Watts

Minimum data rate of LEO user Rmin 1 Mbps

Bandwidth over each LEO beam 10 MHz

Channel realization 103

Noise power density σ2 -170 dBm
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