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Abstract—Reconfigurable Intelligent Surface (RIS) technology
has emerged as a transformative solution for enhancing satellite
networks in next-generation wireless communication. The inte-
gration of RIS in satellite networks addresses critical challenges
such as limited spectrum resources and high path loss, making
it an ideal candidate for next-generation Internet of Things
(IoT) networks. This paper provides a new framework based on
transmissive beyond diagonal RIS (T-BD-RIS) mounted low earth
orbit (LEO) satellite networks with non-orthogonal multiple
access (NOMA). The NOMA power allocation at LEO and phase
shift design at T-BD-RIS are optimized to maximize the system’s
spectral efficiency. The optimization problem is formulated as
non-convex, which is first transformed using successive convex
approximation and then divided into two problems. A closed-
form solution is obtained for LEQO satellite transmit power
using KKT conditions, and a semi-definite relaxation approach
is adopted for the T-BD-RIS phase shift design. Numerical
results are obtained based on Monte Carlo simulations, which
demonstrate the advantages of T-BD-RIS in satellite networks.

Index Terms—Transmissive beyond diagonal RIS, LEO satel-
lite, NOMA communication, spectral efficiency optimization.

I. INTRODUCTION

Satellite communication has become a cornerstone technol-
ogy for providing reliable and wide-ranging connectivity in
an increasingly interconnected world [1]. Unlike terrestrial
communication setups, satellite communication is inherently
ubiquitous, offering global coverage that transcends geographi-
cal barriers such as mountains, oceans, and remote terrains [2].
This capability enables seamless connectivity in underserved
and hard-to-reach regions, including rural areas, polar zones,
and maritime or aeronautical environments. With their wide
area coverage and independence from terrain, satellites play a
critical role in ensuring communication continuity where ter-
restrial infrastructure is impractical or economically unfeasible
[3].

The advantages of satellite communication extend beyond
coverage. Their broadcast capability supports efficient point-
to-multipoint communication, enabling applications such as
television, radio, and emergency alerts [4]. Additionally, the
resilience of satellite communication to natural disasters and
their ability to provide connectivity on the move make them
indispensable for disaster recovery, mobile platforms, and
global navigation systems [5]. As advancements in satellite
technologies reduce latency and improve spectral efficiency
(SE), satellite communication is poised to address emerging
demands in remote sensing, the Internet of Things, and 6G
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networks, solidifying their position as key enablers of modern
communication ecosystems [6].

Satellite communication in low earth orbit (LEO) offers
significant benefits in various areas. Due to their closeness
to the ground, LEO satellite communication provides minimal
delay compared to upper layer satellites (MEO and GEO),
making it well-suited for time-sensitive tasks such as voice
calls, video conferencing, and gaming [7]. As the IoT devices
(IoTDs) grow across smart cities, LEO communication enables
real-time data collecting, analysis, and decision-making. Due
to their fast response times and high data transfer speeds, LEO
networks are reliable for smart city services, including traffic
management, smart grid control, air quality monitoring, and
emergency response [8]. Besides the great potential, LEO com-
munication also has some shortcomings. For example, LEO
communication suffers from a weak link budget due to tiny
aperture antennas at ground Internet of Thing devices (IoTDs),
especially at higher frequencies like Ku-band and Ka-band [9].
Due to their tiny size and portability, mobile device anten-
nas inherently lose gain, reducing their signal reception and
transmission. Smaller antennas and higher frequencies affect
the connection budget, which compensates signal amplification
and attenuation. At these frequencies, atmospheric phenomena
such as water vapor, oxygen absorption, and rain interfere
more with communications [10]. This increases transmission
line signal loss and reduces communication reliability.

To address the difficulties caused by tiny aperture antennas
and attenuation due to other factors in satellite communication,
the implementation of Reconfigurable Intelligent Surfaces
(RIS) offers a favorable option [11]. By carefully placing
RIS on tall structures like high building walls, rooftops, and
other elevated sites or mounting it over the satellite, these
surfaces can help efficiently guide and improve the transmis-
sion of signals from LEO to IoTDs. RIS technology facilitates
the manipulation and regulation of electromagnetic waves,
enabling adaptive beamforming and reduction of multipath
interference [12]. Through the strategic manipulation of the
phase and amplitude of reflected signals, RIS has the capability
to amplify signal strength, counteract the loss of signal along
a path, and reduce the impact of atmospheric weakening [13].
Moreover, the use of RIS in urban settings can utilize the
existing infrastructure to establish virtual arrays, significantly
expanding the range and coverage of LEO satellite networks.
In general, RIS can be classified into diagonal RIS and
beyond diagonal RIS (BD-RIS), based on the structure of
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the phase shift matrices they provide. In each classification, it
can operate in reflective mode, transmissive mode, and hybrid
mode [14], [15].

It has been proven that BD-RIS performs better than con-
ventional diagonal RIS in terms of beamforming and system
capacity but at a cost of circuitry complexity [16], [17]. BD-
RIS offers the capability to function as a transmitter without
requiring complex signal processing, distinguishing it from
traditional multi-antenna systems that rely on sophisticated RF
modules and entail high hardware costs [18], [19]. Moreover,
among the different operating modes of BD-RIS, transmissive
BD-RIS (T-BD-RIS) holds several advantages over reflective
BD-RIS. One of the main issues in reflective BD-RIS is
self-interference due to the coexistence of the feed antenna
and receiver on the same side, resulting in signal overlap,
whereas T-BD-RIS positions the feed antenna and receivers on
opposite sides, eliminating such interference [20]. Besides that,
T-BD-RIS supports wider operational bandwidth and improves
aperture efficiency compared to its reflective BD-RIS [21].
Motivated by this, integrating T-BD-RIS into satellite com-
munication systems has the potential to significantly enhance
capacity, energy efficiency, quality of service, and spectrum
utilization, making it a promising solution for next-generation
wireless communication systems.

Due to the potential of RIS technology in satellite com-
munication, it has become a hot topic, and several works
have carried out in the literature. In [22], the authors have
used RIS assisted satellite networks to overcome the issue
of path loss due to long transmission distances. The work
in [23] has optimized the energy efficiency of RIS-enhanced
satellite networks by joint optimization of transmit power and
passive beamforming. Another work in [24] has maximized the
energy efficiency of RIS enhanced NOMA satellite networks
by optimizing the transmit power of the satellite and phase
shift of RIS using alternating optimization. Niu et al. [25]
have proposed secure satellite communication by optimizing
the beamforming and artificial noise at the transmitter and
phase shift design at RIS. Wu er al. [26] have enhanced
the ergodic capacity of satellite systems by optimizing the
unmanned aerial vehicle trajectory, transmit beamforming, and
phase shift design. Furthermore, Pala et al. [27] have proposed
RIS assisted integrated sensing and communication in satellite
networks. Of late, Asif et al. [28] have proposed a transmissive
RIS mounted LEO satellite communication to maximize the
sum rate by optimizing the transmit power and passive beam-
forming. Moreover, Khan et al. [29] have proposed a cognitive
radio approach in two-tier satellite networks using NOMA
and transmissive RIS. They maximized the sum rate of the
secondary LEO network by optimizing the transmit power and
phase shift design under the interference temperature threshold
of the primary satellite network.

Although several works have been done on RIS enhanced
LEO satellite communication, open research gaps still exist
that need to be investigated. For instance, most of the existing
research works focus on RIS in LEO communication with
reflective RIS using diagonal phase shift matrices, and they do
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Fig. 1: System model

not consider BD-RIS. A few works consider T-RIS mounted
LEO communication, but they do not study T-BD-RIS. To
the best of our knowledge, the topic of NOMA LEO satellite
communication using T-BD-RIS has not been studied yet. To
bridge this open gap, we propose a new framework based on
T-BD-RIS mounted LEO satellite IoT network with downlink
NOMA. In particular, the proposed framework simultaneously
optimizes the transmit power of LEO and the phase shift
design of T-BD-RIS to maximize the SE of the system. The
problem is formulated as non-convex and transformed using
the successive convex approximation (SCA) method. Then,
it is divided into two problems for the transmit power of
LEO and the phase shift design of T-BD-RIS. A closed-
form solution is achieved for power allocation through KKT
conditions, and a semi-definite relaxation (SDR) is adopted
for phase shift design of T-BD-RIS. The rest of this work is
organized as follows. In the second section, we study system
and channel models. In the third section, we formulate an
optimization problem and explain the proposed solution. In
the fourth section, we provide numerical results and their
discussion. Finally, we conclude this work.

II. SYSTEM MODEL

This section explains the proposed system and channel
models. We consider a downlink communication, where a K
elements T-BD-RIS mounted LEO satellite transmits signals
to multiple IoTDs using downlink NOMA protocol, as shown
in Fig. 1. We consider a single carrier communication in this
work such that the satellite accommodates only two NOMA
IoTDs at any given time. For simplicity, we denote the two
IoTDs as U; and U;. Let ®; € CK+xEy be the phase shift
matrix of T-BD-RIS such that <I>t'~I>fI =1,, ne {i,j}, where
K is the number of elements in each column and K, is the
elements in each row, respectively. This work assumes that the
channel state information of U; and Uj is available at LEO.
The transmit superimposed signal of LEO for U; and U; can
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be written as x = /p; Pyx; + \/p; Pyx;, where p; and p; are
the allocated power coefficients of U; and U; while x; and z;
are their unit power signals and P, is the total transmit power
of LEO satellite. It is important to mention that p; + p; < 1.
The received signal of U; and U; can be then expressed as:

yi = hi®yx +ny, (D
yj = h;j®x +ny, 2

where h; € C¥*! and h; € CK*1 are the channel vectors
from T-BD-RIS mounted LEO to U; and U;. Furthermore, n;
and n; are the additive white Gaussian noise (AWGN) of U;
and Uj;. For the channel vectors from the LEO satellite to the
IoTDs, we adopt a block-faded channel model expressed as:

9n ¢ s
m:mémﬁﬂ 3)

where g, is the coefficient of small-scale Rayleigh fading, d,,
is the distance between the satellite and user U, « is the path
loss exponent, fln is the vector of complex-valued channel
gains, 9 = v/—1 denotes the imaginary unit, and 1/ represents
the Doppler shift caused by the relative motion between the
satellite and user. Considering the large and small-scale fading,
h,, can be further expressed as:

fln _ [17 e—jpsiné‘n cosap,,) o e—jpsinen cosgon(Km—l)]T
® [1’ e—jpsin 0, cos Lp,,]7 s e—jpsin 0, cos ga”(Ky—l)]T, 4)
where p = 27 f.dy/c such that ¢ is the speed of light,

fe is the carrier frequency, and dy is the spacing between
elements on the T-BD-RIS. Moreover, 6 is the vertical and
@ is the horizontal angle of departure to U,. For efficient
implementation of SIC at receiver side, we assume that the
channel gain of U; is stronger than U;. Therefore, U; applies
SIC to subtract the signal of U; before decoding its desired
signal. However, U; cannot apply SIC and decode the signal by
treating the signal of U; as a noise. Based on these observation,
the rate of U; and U; can be expressed as R; = log,(1 + ;)
and R; = logy(1 + ;). Please note that ; and ~y; are the
signal to interference plus noise ratios which can be described
as:

h;®,|%p; P,
%:L{#LQ 5)
h:®,|%p. P,
’Y — | J t| p] t (6)

J o2+ |h;®|?p; P’

where o2 in (5) and (6) is the variance of AWGN while
the second term in the denominator of (6) is the NOMA
interference from the signal of U;.

III. PROBLEM FORMULATION AND SOLUTION

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

A. Problem Formulation

This work aims to enhance the performance gain of NOMA
LEO satellite communication using BD-RIS, which is evalu-
ated in terms of system SE. In particular, the proposed frame-
work maximizes the achievable SE of LEO communication
by simultaneously optimizing the power allocation of LEO
according to the downlink NOMA protocol and phase shift
design of BD-RIS while ensuring the QoS of IoTDs. The joint
problem of transmitting power and phase shift to maximize the
SE of the system can be formulated as follows:

Po : max (R; + R)) (7)
st. Ci: Ry > Rpin, n€1,7, 8)
Cy: @, =1k, 9)
Cs: pi+p; <1, (10
Cy: Pipi +pj) < Prazs (11

where p € p;,p;. Constraint C; ensures the QoS of 10TDs;
constraint C'; invokes BD-RIS phase shift design; and con-
straints Cs and C4 control the LEO transmit power according
to the NOMA principle. Moreover, R,,;, is used as a threshold
of QoS.

The optimization problem Py is non-convex due to the
rate expressions in the objective function and constraint C'.
Moreover, the problem is also coupled over two variables,
i.e., power allocation and phase shift design. To reduce the
complexity and make the optimization more tractable, we
obtain a local optimal yet efficient solution, which is carried
out in three steps. In the first step, we adopt successive convex
approximation (SCA), which reduces the complexity of the
objective function and constraint C. In the second step, we
decouple the problem into separate problems for the power
allocation of the LEO satellite and the phase shift of BD-RIS.
In the third step, for a given phase shift design of BD-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 BD-RIS. By applying SCA on to
Py, the rate expression of U,, in the objective function and C
can be re-expressed as:

Rn = ay logy () + Br, (12)

where o, = 7,/(1 + ;) and B, = logy(1 + 7,) —
_
(1+p) =7 .
previous iteration. Next, we compute NOMA power allocation
at the LEO satellite.

log, (vy,), where ,, denotes the value of -y, from the

B. NOMA Power Allocation

For any given phase shift design at T-BD-RIS, the problem
Py can be simplified into a LEO NOMA power allocation
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problem such as follows:

P1: max (R; + R;) (13)
Pi,Pj

s.t. Cl : Rn > Rmin7 ne i7j7 (14)
C3: p;i+p; <1, (15)
C4: Pt(pz+pj) S-Pmaxa (16)

The optimization P; is the power allocation at LEO satellite
and can be efficiently solved by KKT conditions. First, we
define the Lagrangian function of P; as:

L(pi,pj) = (Ri + Rj) = Mi(Ri — Runin)
- )‘j(Rj = Rpin) — pa (1 — (ps +pj))
+ p2(Prax — (pi +pj) Pr)
where A;, A;, p1, 1o denote the Lagrangian multipliers asso-
ciated with the Lagrangian function. Next, we exploit KKT

conditions to compute the power of U; by calculating the
partial derivative w.r.t p; as:

aL(Aiv >‘j7:ulnu‘2)

a7

op; pi=p; — 0, (18)
By expanding (18), it can be described as:
0
= afp((ai logy (7i) + Bi) + (v logy(v5) + B;)
— Ai((a; logy (i) + Bi) — Rimin) (19)

— Aj((logy (v5) + B) — Rumin)
— 1 (1 = (pi +p5)) — p2(Pmaz — (pi +pj)Py)) =0,
After calculating the partial derivation, the value of p] can be
found as:
pi = (20)
;W (\i—1) P09 (N — 1) P4 (w) o= VA
20; Py (2 Py —pa) ’
where w = p1 — e Py and
A =4 Wi (N — 1) Py(p1 — paPy)o? + (Wi (N — 1)
P, — a;jWj(\j — )P, — p10% + pa Pio?)?
¥; = |h;®;|* and ¥; = |h;®,|*.

2y
(22)

After getting p} for U;, we can efficiently calculate the power
of Uj as:

pj = (1 =p;)P:. (23)

C. Phase Shift Design for T-BD-RIS
Given the computed power values, p; and p; at the LEO
satellite, the problem P, can be transformed into a phase

shift design optimization problem for the T-BD-RIS. The
optimization problem can be formulated as follows:

P - rré,ax (Rl + Rj)7 (24)
st. Cy: &7 =1k, (25)

where ®;, € CH+*Xv is the beyond diagonal phase shift
matrix of the T-BD-RIS. The term R; + R; represents the

sum SE of the system, which depends on the phase shift
design in the effective channel gains [hf’ @[> and [h! &|2.
The effective channel gain can be rewritten as:

b ®> = Tr(®{ b, b} ®,), n € {i, ]}, (26)

Substituting this into the objective, the optimization problem

becomes:
Paoq: n}}ax (Rz + Rj), 27
st. Cy: ®®7 =1k, (28)

where R; = a;logy(T;) + f; and R; = aj log,(T;) + ;. The
terms I'; and I'; can be described as:

(P hzh 3] iP
T, Tr( t ; )i Pt (29)
Fj = ( L t)pj ! (30)

o2 + Tr(@fhjth@t)plPt

To solve P57 efficiently, we apply the semi-definite relaxation
(SDR) method. Let us introduce a new matrix W, where W =
P, <I>fl . The optimization problem is relaxed by removing the
rank-1 constraint on W, yielding the following:

Tr(WF,)p; P,
Pao: max q;log, (r( 2)p t) + B 31
W o
Tr(WF;)p; P,
1 JI/] .
ajlogs (02 + Tr(WFj)piPt) By
st. Cy: W0, Te(W)=K. 32)

where F,, = h,h!l with n € {i, j}. We can observe that the
second term in the objective function is still non-convex. More
specifically, we can write the second term as:

a; [log,(Tr(WF;)) — log,(0” + Tr(WF;)p; P)| + 55,
(33)

where log,(Tr(WF;)) is concave in W and —log,(c? +
Te(WF;)p; P;) is convex in W. Thus, the second term is
a difference of concave and convex functions, which is not
guaranteed to be convex or concave. To handle this, we can
adopt first order Taylor approximation method on the convex

part of the second term such as:
9(W) = logy (0 + Tr(WF;)p; ). (34)

The first-order Taylor approximation of g(W) around a fea-
sible point W is:

g(W) ~ g(W) + Vg(W)" (W - W), (35)
where
9(W) = log,(0? + Tr(WF,)p; P,), (36)
and the gradient V(W) can be stated as:
. P
Vg(W) = Pilt F,. (37

In(2)(0? 4+ Tr(WF,)p; P;)
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Using the Taylor approximation, the second term f(W) can
be written as:

J(W) = log,(Te(WE;)
~ [9(W) + Vg(W) (W - W) . (38)
Now, substituting this into the original second term, we get:
0 [log, (Tr(WF;))
— (W) + Vg(W)"(W = W)) | + 8. (39)

After applying the Taylor approximation, the transformed
problem in each iteration becomes:

Py3: max a;log, (W) + B (40)
W o
+ a; [logQ(Tr(WFj))f
(9(W) + Vg(W)T (W = W) | + 55,
st. Cy: W0, Tr(W)=K. 41

The problem P53 can be solved using standard convex op-
timization tools (i.e., CVX), where W is approximated as a
rank-1 matrix via eigenvalue decomposition as:

W = UXU". (42)

where U is a unitary matrix whose columns are the eigenvec-
tors of W. Each column of U corresponds to an eigenvector
of W, and these eigenvectors form an orthonormal basis
(UHU = I). Note that in the context of the phase shift
design, U contains information about the directions in which
the phase shifts of the BD-RIS are aligned. Moreover, X is a
diagonal matrix whose diagonal elements are the eigenvalues
of W. These eigenvalues represent the magnitude of the signal
energy in the directions defined by the eigenvectors in U.
The eigenvalues are non-negative because W is positive semi-
definite. The optimal ®; is then reconstructed as:

®, = Udiag(V'Y). (43)

To further refine the solution, the effective channel gains can
be updated using the reconstructed ®;. The iterative process
continues until convergence. By combining the SDR with
iterative refinement, this approach efficiently designs the T-
BD-RIS phase shift matrix to maximize the SE of the system
while satisfying the QoS constraints for IoTDs.

IV. NUMERICAL RESULTS

This section provides the numerical results of the proposed
solution based on Monte Carlo simulations. We compare the
proposed optimization (denoted as the optimal framework)
with the benchmark solution (stated as the benchmark frame-
work). In the benchmark framework, the SE of the system is
optimized with optimal T-BD-RIS phase shift design and fixed
NOMA power allocation. Unless mentioned otherwise, the
simulation parameters are set as follows: the transmit power
of the LEO satellite is P = 20 W, the phase shift elements
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of T-BD-RIS is K = 64, the height of LEO is 500 km, the
carrier frequency is f. = 18 GHz (Ka-band), the bandwidth
is 20 MHz, and the variance is ¢ = 0.00001.

Fig. 2 illustrates the SE versus the available LEO satel-
lite’s transmit power for the proposed optimal framework and
the benchmark framework. The optimal framework, which
employs both optimal NOMA power allocation and optimal
T-BD-RIS phase shift design, consistently outperforms the
benchmark framework, which relies on fixed NOMA power
allocation with optimal T-BD-RIS phase shift design. As the
transmit power increases from 5 W to 30 W, the SE im-
proves for both frameworks, showcasing the direct relationship
between transmit power and system performance. Moreover,
the performance gap between the two frameworks grows
with the increasing transmit power of LEO, which shows the
effectiveness of the proposed optimal framework.

Fig. 3 demonstrates the SE versus the number of T-BD-
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RIS phase shift elements for the proposed optimal framework
and the benchmark framework, where the transmit power of
LEO satellite is set as P, = 20 W. The optimal framework
incorporates both optimal NOMA power allocation and op-
timal T-BD-RIS phase shift design, whereas the benchmark
framework uses fixed NOMA power allocation with opti-
mal T-BD-RIS phase shift design. As the number of phase
shift elements increases from 16 to 144, the SE improves
for both frameworks, highlighting the crucial role of T-BD-
RIS in enhancing the system’s performance by improving
the beamforming gains. The optimal framework consistently
outperforms the benchmark framework across all values of K.
The widening gap between the two frameworks as the phase
shift elements increase emphasizes the effectiveness of the
proposed joint optimization framework, which fully exploits
the degrees of freedom provided by a larger number of T-BD-
RIS elements.

V. CONCLUSION

RIS technology has the potential to enhance the perfor-
mance of satellite communication. This paper has proposed a
new framework of T-BD-RIS mounted NOMA LEO satellite
IoT networks. In particular, the proposed framework has opti-
mized the power allocation of the LEO satellite and the phase
shift design of T-BD-RIS to maximize the SE of the system.
The non-convex optimization was transformed using the SCA
method and divided into two parts before obtaining an efficient
solution. Then, a KKT-based closed-form solution for power
allocation and SDR for phase shift design were exploited.
Numerical results demonstrate the benefits of the proposed
optimal framework compared to the benchmark framework.
In the future, this work can be extended in several ways, i.e.,
this work can be extended to a multi-carrier NOMA com-
munication; it can also be investigated by considering other
performance metrics such as energy efficiency and secrecy
performance.
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