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Abstract—Low Earth orbit (LEQO) satellite communication has
drawn particular attention recently due to its high data rate
services and low round-trip latency. It is low-cost to launch and
can provide global coverage. However, the spectrum scarcity
might be one of the critical challenges in the growth of LEO
satellites, impacting severe restrictions on the development of
ground-space integrated networks. To address this issue, we
propose rate splitting multiple access (RSMA) for cognitive radio
(CR) enabled nongeostationary orbit (GEO)-LEO coexisting
satellite network. In particular, this work aims to maximize
the system’s sum rate by simultaneously optimizing the power
allocation and subcarrier beam assignment of LEO satellite
communication while restricting the interference temperature
to GEO satellite users. The problem of sum rate maximization
is formulated as non-convex and a Global optimal solution is
challenging to obtain. Therefore, we first employ the successive
convex approximation technique to reduce the complexity and
make the problem more tractable. Then for the power allocation,
we exploit Karush—Kuhn-Tucker (KKT) condition and adopt an
efficient algorithm based on the greedy approach for subcarrier
beam assignment. We also propose two suboptimal schemes with
fixed power allocation and random subcarrier beam assignment
as the benchmark. Results demonstrate the benefits of the
proposed scheme compared to the benchmark schemes.

Index Terms—GEQ satellite, LEO satellite, cognitive radio,
rate splitting multiple access, spectral efficiency optimization.

I. INTRODUCTION

Satellite communication has recently gained significant at-
tention in industry and academia due to its capability to
provide global coverage and support a wide range of services
[1]. Three existing satellite communication types are geosyn-
chronous equatorial orbit (GEO) satellite, medium Earth orbit
(MEO) satellite, and low Earth orbit (LEO) satellite, respec-
tively. Due to the low orbit profile, the LEO satellite has the
ability to provide high-speed data, and low round-trip latency
[2]. Moreover, its launching cost is comparatively lower than
GEO and MEO, making it more likely to achieve global
coverage. However, the increasing demand for different ser-
vices would require many satellites in different orbits, which
might be challenging using limited spectrum resources [3].
As a result, it can seriously affect the future developments in
coexisted ground-space communication networks. One of the
potential approaches which might be helpful in this situation
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is the efficient spectrum sharing across different orbits using
advanced multiple access techniques [4].

Cognitive radio (CR) and rate splitting multiple access
(RSMA) have emerged as promising technologies for provid-
ing high spectral efficiency and have the potential to ease the
above situations [5], [6]. These technologies can simultane-
ously accommodate multiple users over the same spectrum
and time resources, which significantly enhances the spectral
efficiency of the system. More specifically, in CR, 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 [7].
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 [8]. The common parts of the signals
can be combined into a single common signal first and then
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 each user
reconstructs its original signal from the part of its common
and intended private signals using the successive interference
cancellation (SIC) technique.

Recently, researchers have proposed RSMA for satellite
communications. For example, Yin et al. [9], [10] have consid-
ered RSMA for GEO satellite communication and solved the
max-min fairness problem using Weighted Minimum-Mean
Square Error approach. Lin ef al. [11] have considered RSMA
for GEO unmanned aerial vehicle (UAV) integrated networks.
They investigate a sum rate maximization problem using
sequential convex approximation and the first-order Taylor
expansion approaches. Moreover, the works in [12], [13] have
also investigated the max-min data rate problem in GEO
satellite communications. They consider RSMA beamforming
and two-stage precoding schemes with imperfect channel
state information (CSI). It can be observed that the works
in [9]-[13] have considered RSMA only in GEO satellite
communication, and they do not consider cognitive radio. To
the best of our knowledge, the work of spectral efficiency
optimization that considers cognitive radio GEO-LEO coex-
isting satellite network with the RSMA technique has not yet
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Fig. 1: System Model

been investigated in the literature. To bridge this open gap,
we consider a cognitive radio GEO-LEO coexisting satellite
communication network RSMA.

This work aims to maximize the sum rate of cognitive radio
GEO-LEO coexisting satellite communications. We simulta-
neously optimize the power budgets over different beams of
LEO satellite, power allocation coefficients for ground users
over each beam based on RSMA protocol, and subcarrier beam
assignment to the ground users. This framework is subjected
to the interference temperature at GEO satellite users from
LEO satellite and the quality of services of LEO users. The
sum rate maximization problem is non-convex and hard to
obtain the Global optimal solution. To reduce the complexity
and make the problem tractable, we first adopt the successive
convex approximation technique, where a properly chosen sur-
rogate can efficiently replace the original non-convex function.
Then we apply Karush—Kuhn-Tucker (KKT) conditions for
optimal power allocation and design an algorithm for efficient
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 remaining of this work is structured
as follows. Section II discusses system model and problem
formulation. Sections Il and IV provide proposed solution
and simulation results while Section V concludes this work.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a multi-carrier CR-
inspired GEO-LEO co-existing satellite network such that a
primary GEO satellite shares K subcarrier with a secondary
LEO satellite. Both GEO satellite and LEO satellite follow
multibeam technology, where GEO users and LEO users are
randomly located in a beam coverage of the GEO satellite. In
the considered scenario, GEO satellite accommodates users
through the OMA technique, while LEO adopts RSMA to
serve its associated users. If U denotes the set of total LEO
users and U, is the subsect of users associated with m bean
through k subcarrier (i.e., U,, € U), then the common signal
of U,, is denoted as s, 0, while the private message of

u user is stated as Sy, .., Where u € U,,. Moreover, the
common part of all users signals associated with m beam can
be combined into a single common signal. The single common
signal and U, private signals can be then independently
encoded into streams Sy, 0.k, Sm.1,k> Sm.2,k> - - - y Sm,U,k» Where
Sm,0,k and Sy, , 1 Tepresent the encoded common and private
data symbols. The overall transmitted signal of m beam to U,,
users over k subcarrier can be written as
Un

Sm,k = \/Nm,0,kPm. kSm,0,k + E V1 mou,kPm ok Smou ks (1)
u=1

where p,, , denotes the transmit power of m beam over k
channel. 7y, 0.5 and 7,4, are the power allocation coeffi-
cients for the common message s, 0, and private message
Sm,u,k Over k subcarrier. We model the channel gain from
m LEO beam to u user over k subcarrier as Ap, 1 =
G1rGR =+ Ly, k. Where G and G'i are the gains of transmit
and received antennas while L, , ;, = (4mD+(c/f))? denotes
the free space propagation loss. The signal that user u received
from m LEO beam over k subcarrier can be expressed as

Ymu,k = \/hm,u,kpm,kn'm,O,kSm,O,k + Wm, u,k
U77L

+ § \V/ hm,u,knm,i,kpm,kSm,i,k’
=1
’
+ \/ gzyu,kqmﬂu’,kemﬂu’,h (2)

where g;’i/u & 18 the channel gain from the GEO satellite to the
u user over k subcarrier and ¢y, 1 its associated transmit
power. Further, e, i denotes the transmitted signal of GEO
satellite to its u’' user over k subcarrier, and wy, . is the
additive noise at w user. To ensure that the common signal
can be successfully decoded by all users associated with m
beam of LEO satellite over k subcarrier, the achievable data
rate of the common message can be stated as

hm7u,k7]m,0,kpm,k: > (3)
dm’ 'k + IO + o2 ’

m/’

m,u,k

Ry e = minW'l 1
ok Eﬂellfjl Ogg( +

where Iy = hp .k Z]-Uzl Tm,j,k"m,j,kPm,k 15 the interference
of RSMA users during decoding of common signal, W is
the bandwidth available at m LEO beam and o2 denotes
the noise variance. Moreover, z,, ; is the binary variable
for subcarrier beam assignment. Next we define the binary
variable for subcarrier beam assignment such that

1 if u user is assigned to beam m over k
Tm,uk = subcarrier,
0 otherwise.

Since Ry, is the shared signal rate between users on k
subcarrier such that C,, , , denotes the portion of u’s user
data rate, where 25:1 Cruk < R k. After successfully
decoding the common signal s,, o, €ach user also decodes
its private signal, the achievable data rate of u user to decode

its private signal s,, .} can be written as

hmm,k:”]m,u,kpm’k
_ 2), @
I u, kI’ ul k +1I,+0

R = Wlog, (1 +



where I, = hpuk Z;J:L#u T, j.k"m,j,kPm,k denotes the
RSMA interference during decoding the w user private signal.
Given the achievable data rate of common and private signals,
the total achievable data rate of u user from m LEO beam
over k subcarrier can be written as Riot = Cry b + R k-
To protect the quality of services of GEO satellite user
over k subcarrier from the interference of m LEO beam, our
optimization framework restricts interference temperature as

f;g’,u’,kpm,k S Ithavm7 k (5)

where Iy, is the maximum interference temperature threshold
to GEO user over k subcarrier.

Given the proposed system model, we seek to optimize
the spectral efficiency of cognitive radio GEO-LEO coexisting
satellite network. Specifically, we maximize the sum rate of
the system which can be written as

M K U

Rsum = Z Z Z xm,u,k(cm,u,k(n7 C) + R'm,u,k(n))

m=1k=1u=1
(6)

where 7 is the vector of power allocation coefficients
for users at m LEO beam over k subcarrier such that
N = [Dm,0,ks M, Lks m,2,ks -+ - s hsuks - - - 5 T, Usk ] Accord-
ingly, ¢ = [Cin1.6, Cm2.ks -+ Couks - - - » Cnu, ] denotes
the common data rate vector of users at m LEO beam 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 tem-
perature to primary GEO satellite and guarantee the minimum
data rate of LEO users. The optimization problem of sum rate
maximization can be formulated as

Rsum (7)

max
(n,¢,x,p)

Z Z xm,u,k( m,u,k + Rm K7 k) > Rmirm V'LL,
m 1 k=1

CZ Z ij,u,kcm,,u,k S Rm,,c,k»vm7 kv

CS o u"kpm,k § Ithavmvka

m’
s.t. U
C4 *Mm,0,k + Z T u,kTm,uk S 17 Vm, kv
u=1
C55 Z mek <Pt0t>
m lk 1
K
Ce : Z > Tk = 1,V
m=1 k=1

where constraint C; guarantees the data rate of u user over k
subcarrier and R,,;, denotes the threshold of minimum data
rate. Constraint C ensures that the common signal can be
successfully decoded by all users associated with m beam over
k subcarrier. Constraint Cs limits the interference temperature
from m LEO beam to v’ GEO user over k subcarrier. Con-
straint C4 control the total allocated power at each beam while
constraint C5 means that the sum transmit power of all beams
should not exceeds the total transmit power of LEO satellite.
Then, Cg says that a user should be assigned a single beam and

only one channel. In the following, we provide and discuss the
proposed optimization solution.

III. PROPOSED SOLUTION

It can be observed that the sum rate maximization problem
in (7) is non-convex due the rate expressions and binary
variable [14]. 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 Global optimal solution. Thus, we first adopt a successive
convex approximation technique to reduce the complexity of
the joint problem and make it more tractable [15]. According
to this technique, the original non-convex functions can be
efficiently replaced by properly chosen surrogates. By apply-
ing SCA technique, the data rate of u user associated with m
beam over k subcarrier can be written as

Rm,u,k = WTm,u,k 10g2 (’ym,u,k) + Wm,u,ks (8)

h kENMm, u,kPm,k Ym,u,k
where = ot kT, kP, T = dmouk
B N P R s

and wp u ke = 1085 (1 + Ymouk) — Trmou,k 1089 (Y, u k). Sim-
ilarly, we apply SCA technique for the data rate of the
common message. Next we define the Lagrangian of sum rate
optimization problem as

M K U

== Z Z Z mm,%k(CmMJC(na C) + Rm,u,k(n))“r

m=1k=1u=1

M K
)\1 ( min Z me u,k Cm,u,k + Rm,u,k)) +
K - M K
Z )\Qm,k < Z xm,u,kcm,u,k - Rm,c,k) + Z
1 X

1k= u=1

M K :}J
)\3m,k (fg’,u’,kpm,k - Ith) + Z Z >\4m,k: (nm,O,k + Z
M
T u,kTmyu,k — 1) + /\5( Z me,k - Ptot)- &)

Now applying KKT conditions [16], and compute derivation
with respect to py, i as
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33, ko T2Pim g + T1Pmk + To = 0, (10)

where the values of 73, 72, 71 and 7 are defined on the top
of the next page, in which I, = gm:u,kqm/,u/’k represents
the interference from GEO transmissions. The solution of
DPm,k can be obtained by solving the polynomial in (10) using
any mathematical solver. Then, the value of n,, ,; can be
efficiently obtained as

ul £+ +/p2

mn,k = /,1,3 (11)
where there values of p11, ;42 and p3 can be written as
U
pl = Z ~Mo i (Ip + 0%) + hanj kP kW (= Yimj i
j=1,j#u

Tm,jk + (1 + Alu)')/m,u,kxm,u,k)y



U U
ngg

u=1j=1,j#u

E hm,j,khm,u,k:nn,j,k:nm,u,kmmg’,kmm,u,k()‘5 + fm,k)\?)m,kmm,u}k)u

U U
2= Z Z R, g, 1 (I + UQ)zmvqu()é + frn ke A3m kT uk) + Ram kM kT, g,k (AD(Lp + o)+

u=1j=1j#u

fm,k)\gm k(Ip + UQ)xm,u,k' - hm,j,knm,u,k(A2m,k7m,c,k + Aln'}/m,u,k)wxm,u,k)a

U U
= Z Z (IP + 02)()\502 + fm,k)\?’m,kUme,u,k + IP(A5 + fm,k:)\?)m,kxmm,k) + W(_hm,j,knm,u,k()\2m,k7m,c,k + Ym,u,k

U U
70 = Z Z _(Ip + 0'2)2W(’7m,j’k$m}j7k + ()‘Q’Yﬂ%c’k + Tm,u,k + Alu’Ym,u,k:)xm,u,k:);

u=1j=1,j#u

U
,LLQ = Z 4hm,,j,k(1 + /\111,))\4m,kpm,k(lp + U2)’Ym,u,kw
j=1,57u
Tomuk T ()\47n,k(lp + 0'2)hm,j,kpm,k(’Ym,jyk’xmvjyk’_
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Similarly, 7,,.0,% is computed as

/\Qm,k"}/m,c,kW

12
Moy, i (12)

Tm,0,k =

As we can see that the considered problem is affine with
respect to Cy, ,, 1, We employ sub-gradient method to optimize
Cu.r; and the dual variables. Based on sub-gradient method,
in each iteration, the value of C,, , i can be updated as

Cm,%k = Cm,u,k + 5(1 + A, — /\Qm,k)- (13)

Accordingly, the values of dual variables can be updated as

M

K
Al, =AML, +6 <Rmzn - Z Z (xm,u,kcm,u,k +Rm,u,k)> 5

m=1k=1

U
>\2m,k = )\Qm,k +0 < Z xm,u,kcm,u,k‘ - Rm,c,k) ,

u=1

A3k = A3k + 5<fm,kpm,k - Ith>7

U
)\4m,k = )\4m,k + 6(77m,0,k: + Z Tm,u,kMm,uk — 1);

u=1

Algorithm 1: Beam and subcarrier Allocation

1) Set U, = RoundUp(%), o = zeros(M,U,K)

2) fora=1:U,

3) forb=1:M

4) for c=1:K

5) Find e such that h,, ¢ , = max(h,, . ) (Where
hm,:.i. are the channel gains of all users not
assigned a beam yet)

6) Set Tmu,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 z,, 4 i

M K
25 =5+ 3( 30" sk — Prot).

m=1 k=1

where § is the positive step size.

Next, we propose an efficient algorithm based on a greedy
approach for subcarrier beam assignment, where users are
equally distributed among all the beams in the LEO system.
For U LEO users in the system, each beam is transmitting
data to U,, subset of users where U, is computed as U, =

RoundUp v the RoundUp(+)) function rounds up 1) to the
closest integer. Then each beam of every subcarrier is allocated
to 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 U,, times.
At the end, each beam has approximately U,, users, and we
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Fig. 2: Impact of Pi, on the sum rate of the system and the
performance comparison of different optimization frameworks.

get the efficient solution of xm,%kl. The detailed steps of the
proposed technique are also summarized in Algorithm 1.

IV. NUMERICAL RESULTS AND DISCUSSION

This section provides numerical results based on Monte
Carlo simulations. Unless stated otherwise we set the values
of the following parameters for simulations. The number of
subcarrier as X = 5, number of beams as M = 5, number
of LEO users as U = 2K, maximum interference threshold
to GEO users as I;;, = 2 Watts, bandwidth of each beam
as W = 10 MHz, minimum data rate of each user as
R.in = 1 Mbps, total transmit power as P;,; = 50 Watts,
and interference from GEO satellite over each subcarrier as
I,=4 Watts®. Moreover, we consider the frequency band as
19 GHz(Ka) and bandwidth over each beam as 10 MHz. We
compare the performance of three frameworks Opt, Fix p,, »
and Rand z,, . 5. In Opt, we optimize the values of z,, 4 i,
D, ks Mm,n,k and Cp, o, 1 as proposed in the previous section.
In fix p,, , 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
th tot

f m,k ’ MK
all the other variables are optimized but the channel and beam

are assigned to each user at random.

Figure 2 shows the impact of increasing Pj,; on the sum
rate offered by all the schemes. An increase in Pj, results
in increasing the sum rate in all proposed schemes. An
interesting thing to note here is that when P;,; is increased, the
performance gap between Rand x,,, ,, 1, and Fix p,,, , decreases
and gap between Opt and Fix p,, ;, increases. This is because
in the case of Opt and Rand x,, ., when the interference
threshold of a beam is met with equality, the remaining power

1e, Pmk = mz’n( . In the case of Rand z,, 4, ,

Here, it is important to mention that we do not claim this technique to
provide the optimal value of x,, , . 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.

2In the proposed framework, each beam can use a single subcarrier for
communication with two RSMA users
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performance of the system.

is distributed efficiently among other beams, which can not
be done in the case of Fix p,, ;. It is also clear from Fig. 2
that the proposed Opt scheme provides the best performance
for any value of P,,:. Further, it can be seen that optimizing
T,k 1S more beneficial than optimizing py, k, as Fix pp, k
outperforms Rand x,, 4, .

The impact of increasing I;;, on the sum rate of the system
is shown in Fig. 3. An increase in Iy, results in increasing
the sum rate because the transmission power can be increased
while satisfying the interference threshold. However, after a
certain value of I;;, when the threshold is further increased,
the sum rate remains unchanged in the case of Opt scheme.
Because at this point, the transmission is already being done
with full available power. An interesting thing to note in Fig. 3
is that initially, the gap between Fix p,, ; and Rand x,, 4 1 is
more, which decreases with increasing I;; but after a certain
point the gap starts to increase again. This is because at smaller
values of I, the transmission power of all the beams is
bounded by the interference threshold. When the value of I;
is increased, the transmission power of some beams becomes
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unbounded by the threshold. At these points, the schemes
where p,, 1 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 I, is further
increased, the transmission power of no beam is bounded by
I;;,. Hence, at these points, the benefit of optimizing p,
increases. Therefore, the gap between Fix p,,; and Rand
ZTm,u,k increases and performance gap between Fix p,, ; and
Opt decreases at these values of I.

The impact of K and M on the sum rate of the system
is shown in Fig. 4. It can be seen from the figure that the
system with more K and M provides better performance
compared to those with less K and M. It is because more K
and M accommodate more users which enhances the system
sum rate. Further, when P,,; is increased after a certain point
there is no increase in the sum rate of the system because the
transmission power of each beam (p,, ) becomes bounded
by the interference threshold (/7). However, the point where
increasing P;,; has no impact on the sum rate comes sooner
for the systems with small K and M.

Finally, it is important to discuss the convergence complex-
ity of the proposed scheme. Here, we show the complexity
of the proposed scheme in terms of iterations required for
the convergence of dual variables involved in the optimization
process. The convergence behavior of the dual variables in the
case of the proposed Opt scheme is shown in Fig. 5. It can
be seen that all the dual variables converge within a reason-
able number of iterations. Overall our proposed optimization
framework provides significant performance in terms of the
sum rate of the system by optimizing multiple variables of
the system with reasonable complexity.

V. CONCLUSION

Cognitive radio and RSMA have the potential to provide
massive connectivity in space-ground communication net-
works. This paper has proposed RSMA for cognitive radio
GEO-LEO coexisting satellite networks. Specifically, a new
optimization framework for maximizing the sum rate of the
secondary LEO system has been provided. The proposed

framework has simultaneously optimized the transmit power of
all beams, RSMA power allocation over each beam, and sub-
carrier beam assignment subject to each user’s minimum rate
and interference temperature to GEO users. Successive convex
approximation technique, KKT conditions, and greedy-based
algorithm have been adopted to obtain the efficient solution.
The proposed optimization scheme significantly improves the
system performance with reasonable complexity. This work
can be further extended by jointly optimizing the resources of
both LEO and GEO networks.
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