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Abstract—This work proposes a transmissive reconfigurable
intelligent surface (T-RIS)-equipped low earth orbit (LEO)
satellite communication in cognitive radio-enabled integrated
non-terrestrial networks (NTNs). In the proposed system, a
geostationary (GEO) satellite operates as a primary network,
and a T-RIS-equipped LEO satellite operates as a secondary
Internet of Things (IoT) network. The objective is to maximize
the sum rate of T-RIS-equipped LEO satellite communication
using downlink non-orthogonal multiple access (NOMA) while
ensuring the service quality of GEO cellular users. Our frame-
work simultaneously optimizes the total transmit power of LEO,
NOMA power allocation for LEO IoT (LIoT) and T-RIS phase
shift design subject to the service quality of LIoT and interference
temperature to the primary GEO network. To solve the non-
convex sum rate maximization problem, we first adopt successive
convex approximations to reduce the complexity of the formu-
lated optimization. Then, we divide the problem into two parts,
i.e., power allocation of LEO and phase shift design of T-RIS. The
power allocation problem is solved using Karush–Kuhn–Tucker
conditions, while the phase shift problem is handled by Taylor
approximation and semidefinite programming. Numerical results
are provided to validate the proposed optimization framework.

Index Terms—Transmissive RIS, integrated non-terrestrial
networks, NOMA transmission, IoT, sum rate optimization.

I. INTRODUCTION

Non-terrestrial networks (NTNs) are gaining attention for
their global wireless coverage and diverse service capabilities
[1]. NTNs consist of satellites in the space layer and unmanned
aerial vehicles and high-altitude platforms in the atmospheric
layer. We can further classify space into low-earth orbit
(LEO), medium-earth orbit (MEO), and geostationary-earth
orbit (GEO), where satellites operate at varying heights [2].
LEO satellites can orbit 500 km above the earth’s surface and
offer high data rates, low transmission latency, and ubiquitous
connectivity. LEO satellites can connect Internet of Things
(IoT) devices across the globe for various applications in smart
cities and remote areas. However, one of the main challenges
in NTNs will be the efficient integration between different
layers and their coexistence with terrestrial networks [3]. An-
other issue can be the efficient reuse of available spectrum and
the management of cochannel interference among terrestrial
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and NTNs [4]. Furthermore, advanced satellite systems in
NTNs use large antenna arrays with complex RF modules and
limited energy resources on board, resulting in high energy
consumption [5]. Therefore, research efforts are required to
explore sustainable and energy-efficient technologies and effi-
cient spectrum allocation methods.

To enhance the channel capacity and improve the spectrum
efficiency, reconfigurable intelligent surfaces (RIS) and non-
orthogonal multiple access (NOMA) can be promising solu-
tions for NTNs [6]. With engineered manipulating capabilities,
RIS can modify the phase and amplitude of the wireless
signals, which improves the coverage and capacity of NTNs.
It can operate in reflective, transmissive, and hybrid modes
[7]. RIS can also address the issue of noise amplification
and the additional noise produced by traditional relay systems
[8]. On the other hand, NOMA empowers the communication
system to serve multiple devices over the same spectrum at
the same time [9]. It can be achieved by superposition coding
and successive interference cancellation (SIC) methods. More
specifically, the transmitter can allocate different power levels
to superimpose the signals of multiple devices over the same
frequency, and the receivers can apply SIC to decode their
desired signals [10].

Most of the existing literature considers the application
of reflective RIS in NTNs. For example, in [11], the au-
thors have maximized the weighted sum rate of integrated
terrestrial NTNs assisted by RIS. They adopted an alternating
optimization (AO) approach for designing the beamforming
vector of BS and the phase response of RIS. Accordingly,
Feng et al. [12] have employed the AO method to solve
the problem of active beamforming at satellite and phase
response at RIS for maximizing the received signal power.
Moreover, Ge et al. [13] have proposed a secure cooperative
communication in RIS-assisted integrated terrestrial NTNs
using the AO technique. In particular, they minimized the
transmit power of BS by designing a cooperative beamforming
subject to ensure the secrecy of satellite users and the service
quality of terrestrial users. Then, Tekbiyik et al. [14] have also
utilized RIS to assist terahertz communication among large
LEO satellite networks. They investigated the misalignment
fading on error performance and signal-to-noise ratio of the



system. Further, some works have also studied the energy
efficiency optimization in IRS-assisted NTNs [15]–[18]. More
specifically, the authors in [15], [16] have applied the AO
approach for NOMA power allocation at the LEO satellite and
phase response design at the RIS system. They maximized the
energy efficiency of NOMA RIS-assisted LEO communication
subject to the service quality of ground users. In [17], authors
have investigated the uplink and downlink capacity of the
Internet of Things in RIS-assisted satellite communication
networks. In [18], Lv et al. have proposed an OA-based energy
efficiency maximization framework by optimizing the transmit
power, SIC decoding order, and phase response.

RIS technology has recently been used as a transmitter
in terrestrial setups, known as transmissive RIS (T-RIS),
without requiring complicated signal processing [19]. This
distinguishes it from traditional multi-antenna systems that
depend on costly RF modules, resulting in expensive hardware
expenses. Based on the existing literature on RIS-assisted
NTNs, it can be seen that the authors considered reflective
RIS to investigate the system performance. To the best of
our knowledge, the optimization framework for cognitive
radio (CR)-enabled NOMA integrated NTNs with transmissive
RIS has not been investigated, and it is an open research
topic to investigate. This paper proposes a new optimization
framework in CR-enabled NOMA integrated NTNs with T-
RIS. In particular, we aim to maximize the sum rate of
the secondary T-RIS-equipped LET satellite network while
ensuring the service quality of the primary GEO network.
The proposed framework simultaneously optimizes the NOMA
power allocation at the LEO satellite and phase shift design
at T-RIS subject to the interference temperature from the
secondary to the primary network and the minimum rate
requirement of LEO IoT (LIoT). The problem of sum rate
maximization is formulated as non-convex due to rate ex-
pressions and coupling optimization variables. Therefore, we
first exploit successive convex approximation (SCA) to reduce
the overall complexity of the joint problem. Then, we divide
the problem into two subproblems, i.e., the power allocation
problem and the phase shift design problem and solve it in two
steps. In the first step, we calculate the power allocation for
the LEO satellite given any random phase shift design at T-
RIS using Karush–Kuhn–Tucker (KKT) conditions. Given the
optimal power allocation, we compute a phase shift design for
T-RIS in the second step. Numerical results are provided to
validate the proposed optimization framework.

II. SYSTEM MODEL

This work considers a downlink CR-enabled NOMA in-
tegrated NTNs with T-RIS. As illustrated in Fig. 1, a GEO
satellite operating as a primary network communicates with
GEO user equipments (GUEs) using TDMA transmission. At
the same time, a T-RIS-equipped LEO satellite, covering the
primary network and operating as a secondary IoT network,
communicates with LIoT using NOMA transmission. Thus,
the primary and secondary networks use the same spectrum
and cause co-channel interference. This work maximizes the
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Fig. 1: System model

sum rate of the secondary LEO network while ensuring the
quality of services of the primary GEO network. To control the
interference from the secondary LEO network to the primary
GEO network and ensure the quality of services of GUEs, this
work considers a constraint of interference temperature in the
proposed optimization framework such that the interference
caused by the LEO network should not exceed a predefined
threshold. The proposed integrated NTNs assume that the
channel state information (CSI) is available in both the primary
and the secondary networks. The T-RIS is equipped with
LEO through a feed antenna and consists of M elements.
Moreover, the M elements constitute a phase shift matrix
Φt ∈ CM×M , where the beamforming vector can be expressed
as Φt = [η1e

jϕ1 , η2e
jϕ2 , . . . , ηMe

jϕM ] with ηm ∈ {0, 1} is
the amplitude and ejϕm shows the phase of the transmitted
signal. In this work, we consider that T-RIS cannot amplify
the signal received from the feed antenna of the LEO satellite
and hence |ηm| ≤ 1, ∀m. Moreover, the phase constraint of
each T-RIS element can be expressed as πm ∈ {0, 2π} ∀m.

For efficient SIC decoding at LIoT, we consider that LEO
communicates with two LIoT over the same spectrum at a
given time. Let us denote k and j are the LIoT, the transmit
superimposed signal of LEO for these LIoT can be stated as
x =

√
piPtxi +

√
pjPtxj , where pi and pj are the power

allocation coefficients of LIoT k and LIoT j and Pt is the
total transmit power of LEO. Furthermore, xk and xj are the
unit power signals for LIoT k and LIoT j. The sum of the
power allocation coefficient should be less than/ or equal to
one, i.e., pk + pj ≤ 1, according to the downlink NOMA
principle. The signal that LIoT k and LIoT j receive from
LEO satellite can be written as

yk = gkΦtx+ nk, (1)
yj = gjΦtx+ nj , (2)



where gk ∈ CM×1 and gj ∈ CM×1 are the channel vectors
between T-RIS-equipped LEO and LIoT k and j. Furthermore,
nk and nj are the additive white Gaussian noise (AWGN) of
LIoT k and LIoT j. This work adopts a block faded channel
model such that gκ = ĝκe

ϑπψ, where ĝκ is the vector of
complex-valued channel gains with κ ∈ {k, j}, ϑ denotes the
imaginary number which is equal to

√
−1 and ψ shows the

Doppler shift. Considering the Rician fading, ĝκ can be further
expressed as:

ĝκ = [1, e−jρ sin θκ cosφκ , . . . , e−jρ sin θκ cosφκ(M−1)]T (3)

where ρ = 2πfcd0/c such that c is the speed of light, fc is the
carrier frequency, and d0 is the spacing between elements on
the T-RIS. Moreover, θ is the vertical and φ is the horizontal
angle of departure to Uκ. For efficient implementation of SIC
at the receiver side, we assume that the channel gain of LIoT
k is stronger than LIoT j. Therefore, LIoT k applies SIC to
subtract the signal of LIoT j before decoding its desired signal.
However, LIoT j cannot apply SIC and decode the signal
by treating the signal of LIoT k as a noise. Based on these
observation, the rate of LIoT k and LIoT j can be expressed
as Rk = log2(1 + γk) and Rj = log2(1 + γj). Please note
that γk and γj are the signal-to-interference plus noise ratios
which can be described as:

γk =
|gkΦt|2pkPt

σ2
, (4)

γj =
|gjΦt|2pjPt

σ2 + |gjΦt|2pkPt
, (5)

where σ2 in (4) and (5) is the variance of AWGN while
the second term in the denominator of (5) is the NOMA
interference from the signal of LIoT k.

During the NOMA transmission, the secondary LEO satel-
lite also causes interference to the GUEs of the primary
GEO satellite. To control interference from the secondary
LEO network to the primary GEO network and ensure the
communication services of GUEs, we invoke an interference
temperature constraint in the proposed optimization frame-
work. According to this constraint, the interference caused by
secondary LEO satellite to GUEs should be less than or equal
to a predefined threshold such as

hlPt(pk + pj) ≤ Ith (6)

where Ith is the maximum interference threshold and hl ∈
CM×1 is the channel vector between secondary T-RIS-
equipped LEO satellite and GUE l of primary GEO network.

III. PROBLEM FORMULATION AND PROPOSED SOLUTION

This section provides the mathematical problem formulation
and solution of the proposed system model in the previous
section.

A. Problem Formulation

This work aims to enhance the performance gain of CR-
enabled NOMA integrated NTNs, which can be evaluated

in terms of system spectral efficiency. In particular, the pro-
posed framework maximizes the achievable spectral efficiency
of secondary NOMA T-RIS-equipped LEO communication
by simultaneously optimizing the power allocation of LEO
according to the downlink NOMA protocol and phase shift
design of T-RIS while ensuring the minimum rate of LIoT.
Furthermore, our optimization framework also controls the
interference temperature from the secondary network to the
primary network in order to ensure the service quality for
GUEs. The joint problem of transmitting power and phase shift
to maximize the achievable spectral efficiency of the system
can be formulated as

P0 :



max
p,Φt,Pt

(Ri +Rj)

C1 : Rη ≥ Rmin, η ∈ i, j,

C2 : hlPt ≤ Ith,

C3 : ϕk ∈ {0, 2π}, k ∈ K,

C4 : pi + pj = 1,

C5 : Pt ≤ Pmax,

(7)

where p ∈ pi, pj and hl = |hlΦt|2 where hl is the channel
gain from the T-RIS to the primary receiver. Constraint C1

ensures the minimum rate requirements of LIoT k and LIoT
J , where Rmin is used as the minimum threshold; constraint
C2 invokes the interference temperature constraint to guarantee
the service quality of GUEs in primary network, constraint C3

design phase shift for T-RIS; and constraints C4 and C5 control
the LEO transmit power according to the NOMA principle.

The optimization problem P0 is non-convex due to the
rate expressions in the objective function and constraint C1.
Moreover, the problem is also coupled over two variables, i.e.,
power allocation and phase shift design. To reduce complexity
and make the optimization more tractable, we obtain an
efficient solution in three steps. In the first step, we adopt SCA
which reduces the complexity of the objective function and
constraint C1. In the second step, we decouple the problem
into separate problems for the power allocation of the LEO
satellite and the phase shift of T-RIS. In the third step, for a
given phase shift design of T-RIS, we first calculate the closed-
form solution of LEO NOMA power allocation. Then, given
the optimal power allocation, we design a phase shift of T-
RIS. By applying SCA onto P0, the rate expression of LIoT
η in the objective function and C1 can be re-expressed as

R̄η = αη log2(γη) + βη, (8)

where αη = γ̂η/(1 + γ̂η) and βη = log2(1 + γ̂η) −
γ̂η

(1 + γ̂η)
log2(γ̂η), where γ̂η denotes the value of γη from the

previous iteration. Next, we compute NOMA power allocation
at the LEO satellite, given the fixed phase shift design.

B. NOMA Power Allocation

For any given phase shift design at T-RIS, the problem P0

can be simplified into a NOMA power allocation problem at



LEO such as

P1 :



max
pk,pj ,Pt

(R̄k + R̄j)

C1.1 : R̄η ≥ Rmin, η ∈ k, j,

C1.2 : hlPt ≤ Ith,

C1.3 : pk + pj = 1,

C1.4 : Pt ≤ Pmax,

(9)

The optimization problem P1 is the power allocation at the
LEO satellite and can be efficiently solved by KKT conditions.
First, to tackle C1.3 we substitute pj = 1 − pk, then, the
Lagrangian function is given as:

L(pk, pj , Pt) = (R̄k + R̄j) + λη(R̄η −Rmin)

+ µ1(Ith − hlPt) + µ2(Pmax − Pt) (10)

where λη ∈ {k, j}, µ1, µ2, µ2 denote the Lagrangian multipli-
ers associated with the Lagrangian function. Next, we exploit
KKT conditions to compute the transmit power of LIoT k
first by calculating the partial derivative w.r.t pk, which can
be stated as:

∂L(λη, µ1, µ2)

∂pk
|pk=p∗k = 0, (11)

After calculating the partial derivation, the power allocation
coefficient of LIoT k p∗k can be found as:

p∗k = (12)
(|gjΦt|2|gkΦt|2 − |gkΦt|2λk + |gjΦt|2λj)σ2

|gjΦt|2|gkΦt|2(λk − λj)Pt
, (13)

After getting p∗k for LIoT k, we can efficiently calculate the
power of LIoT j as:

p∗j = 1− p∗k. (14)

Now it remains to solve the problem for P ∗
t . As we know the

sum rate of the system is a monotonically increasing function
of P ∗

t it means that the system will allocate as much power
for transmission as possible without violating any constraint.
Using this fact, the optimal value of Pt is computed by using
C1.2 and C1.4 as upper bounds:

P ∗
t = min

{
Ith
hl
, Pmax

}
. (15)

For computation of (13) we need the values of λk and λj , in
each iteration the values of λk and λj are optimized using the
sub-gradient method as:

λη = λη + δ(R̄η ≥ Rmin),∀η = k, j (16)

where δ is is the step size of the sub-gradient method.

C. T-RIS Phase Shift Design

Next, given the optimal values of p∗k, p
∗
j at LEO, the problem

P0 can be efficiently transformed into a phase shift design of
T-RIS, which can be written as follows:

P2 :


max
Φ

(R̄i + R̄j)

C2.1 : R̄η ≥ Rmin, η ∈ i, j,

C2.2 : |hlΦt|2Pt ≤ Ith,

C2.3 : ϕk ∈ {0, 2π}, k ∈ K,

(17)

To make the problem tractable we introduce variables Gk =
gkg

†
k, Gj = gjg

†
j , Φ = ΦtΦ

†
t and Hl = hlh

†
l . With these

substitutions we get:

γk =
tr(GkΦ)pkPt

σ2
, (18)

γj =
tr(GjΦ)pjPt

σ2 + Tr(GjΦ)pkPt
, (19)

where tr denotes the trace operator. Then, P2 is rewritten as:

P3 :



max
Φ

(R̄i + R̄j)

C3.1 : R̄η ≥ Rmin, η ∈ i, j,

C3.2 : tr(HlΦ)Pt ≤ Ith,

C3.3 : Φ ≥ 0,

C3.4 : diag(Φ) ≤ I,
C3.5 : rank(Φ) = 1,

(20)

where I denotes the identity matrix, C3.3 ensures that Φ is
positive semi-deifinite, C3.4 is the amplitude constraint of the
RIS elements and C3.5 fulfills the requirement that Φ must
have a rank of 1. Further simplification of P3 gives us:

P4 :



max
Φ

log2(tr(GkΦ)pkPt + σ2)− log2(σ
2)

+ log2(tr(GjΦ)pjPt+σ
2+tr(GjΦ)pkPt)

− log2(σ
2 + tr(GjΦ)pkPt)

C4.1 : tr(GkΦ)pkPt ≥ (2Rmin − 1)σ2,

C4.2 : tr(GjΦ)pjPt ≥ (2Rmin−1)Q̂,

C4.3 : tr(HlΦ)Pt ≤ Ith,

C4.4 : Φ ≥ 0,

C4.5 : diag(Φ) ≤ I,
C4.6 : rank(Φ) = 1,

(21)

where Q̂ = (σ2+ tr(GjΦ)pkPt). The problem (21) is a non-
convex problem due to the − log2(σ

2 + tr(GjΦ)pkPt) term
in the objective function and the rank-1 constraint. To solve
the problem we relax the rank-1 constraint in c4.6. Then if the
solution violates the rank-1 condition, we employ the Gaussian
randomization process to ensure compliance. To tackle the
− log2 term in the objective function, first upper bound the
function as:

σ2 + tr(GjΦ)pkPt ≤ Λ. (22)



This bound transforms the function in the objective as
− log2(Λ). then, we employ Taylor approximation which
transforms log2(Λ) into:

log2(Λ) +
Λ− Λ

Λ

where Λ denotes the value of Λ in previous iteration. then the
transformed problem becomes:

P5 :



max
Φ,Λ

log2(tr(GkΦ)pkPt + σ2)− log2(σ
2) + log2(tr

(GjΦ)pjPt+σ
2+tr(GjΦ)pkPt)−log2(Λ)−

Λ− Λ

Λ
C5.1 : σ2 + tr(GjΦ)pkPt ≤ Λ,

C4.1, C4.2, C4.3, C4.4, C4.5,

which is a semidefinite programming problem and can be
solved using Mosek solver with CVX.

IV. NUMERICAL RESULTS

In this section, we present the simulation results to evaluate
the performance of the proposed framework. For the simula-
tions, the values of the system parameters were taken as Ith=
2 W, Rmin= 0.1 b/s/Hz, M=10, σ2=10−7.

The available transmission power plays a vital role in the
total achievable rate of a communication network, as more
transmission power results in higher channel capacities. Fig. 2
shows the impact of increasing the value of Pmax and M on
the sum rate offered by the secondary network. It can be seen
that for any value of M , increasing Pmax generally results
in an increased sum rate of the system because when Pmax
increases, the LEO can allocate more power for transmission,
thereby increasing the sum rate. However, as shown in Fig. 2,
after a certain point, further increasing Pmax has no impact on
the sum rate. This is because, in an underlay communication
network, to prevent primary outage, the interference from the
secondary network must be kept under a certain threshold.
Hence, when the interference generated by the secondary
network reaches this threshold, no more power is allocated
for transmission, and beyond this point, increasing Pmax does
not enhance the sum rate.

However, Fig. 2 also shows that there is another way to
improve system performance: by increasing the number of T-
RIS elements. It can be observed that increasing the number of
T-RIS elements results in a higher sum rate for the secondary
system for any value of Pmax, and the sum rate of the system
converges at a higher rate when the LEO is equipped with a
T-RIS having more elements.

Figure 3 shows the effect of increasing the interference
threshold of the primary network on the sum rate of the
secondary network. When the value of Ith is increased,
the LEO can allocate more power for transmission without
violating the interference threshold, resulting in an increased
sum rate for the system. It is also clear from Fig. 3 that the
sum rate of the system increases with Ith. However, after a
certain point, there is no effect of further increasing Ith on the
sum rate because, at this point, the LEO is already transmitting
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Fig. 2: Impact of Pmax and M on the sum rate of the system.
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Fig. 3: Effect of varying Ith of the primary network on the
sum rate of the secondary network.

with the maximum available power Pmax. Therefore, when the
value of Ith is increased beyond this point, the LEO cannot
transmit with any more power, resulting in a fixed sum rate for
the system. Furthermore, it can be seen from the figure that
when the value of the available power at the LEO (Pmax) is
increased, the sum rate converges at a higher level of Ith and
at higher values of the sum rate, because in this case, the LEO
has more power available for transmission. Therefore, when
Ith increases, the LEO can increase the transmission power
and achieve higher values of sum rates.

Next, Fig. 4 shows the effect of different rate requirements
(Rmin) of the LIoT and Pmax on the sum rate of the secondary
network. As discussed earlier, higher values of Pmax result
in higher sum rates, and the sum rate converges after a
certain point due to the interference threshold. However, it
is interesting to see that the system with a smaller value of
Rmin offers higher sum rates compared to the system with
larger rate requirements. Even at the points where increasing
the value of Pmax has no effect on the sum rate due to the
interference threshold, the system with LIoT having smaller
rate requirements offers better performance in terms of the sum
rate. This is because, at small values of Rmin, the LIoT with
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relatively poor channel conditions is allocated transmission
power just sufficient to satisfy its minimum rate requirement,
and more resources are allocated to the LIoT with better
channel conditions to maximize the sum rate of the system.
However, as the value of Rmin increases, the fraction of
the available resources allocated for the transmission to the
LIoT with poor channel conditions increases, leaving behind
a relatively smaller amount of resources for the LIoT with a
better channel, resulting in a decrease in the sum rate.

The convergence behavior of the proposed optimization
framework is shown in Fig. 5. It can be seen that the frame-
work provides fast solutions, achieving convergence within 6
iterations, and the values of the available power at the LEO
Pmax have a negligible effect on the convergence rate.

V. CONCLUSIONS

This paper has provided a new optimization framework for
CR-enabled NOMA integrated NTNs, where the GEO network
operated as a primary network using TDMA and the T-RIS-
equipped LEO operated as a secondary IoT network using
NOMA transmission. The proposed framework has simulta-
neously optimized the power allocation of the LEO satellite
and the phase shift of T-RIS to maximize the sum rate of the

system, subject to the service quality of LIoT and interference
temperature from the secondary to the primary network. We
first reduced the complexity of the optimization problem using
the SCA approach and then implemented the efficient solution
in two stages. In the first stage, the power allocation for LEO
was calculated using KKT conditions, given the random phase
shift of T-RIS. In the second stage, we designed the phase
shift of T-RIS using Taylor approximation and semidefinite
programming methods, given the optimal power of the LEO
satellite. Numerical results demonstrate the effectiveness of
the proposed optimization framework.
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