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Abstract—Reconfigurable intelligent surface (RIS) can co-
transmit with ultra-dense low-earth-orbit (LEQO) satellites to
improve the spectral efficiency and energy utilization of the entire
satellite network. In this paper, we study RIS-aided downlink
communication system for multi-user in urban scenarios in
ultra-dense LEO satellite networks (UDLNs). We set up an
optimization model which aims to maximize the sum rate of users
in UDLN under the power constraints of LEO satellites. To tackle
the intricacies of the sum rate maximization challenge, we employ
alternative optimization (AO) to decouple the initial problem into
three subproblems including beamforming, user association, and
RIS phase shift optimization. We then employ successive convex
approximation (SCA) to render the nonconvex subproblems into
convex which can be easily solved. Consequently, an iterative
algorithm is proposed to converge to the stationary point of
the original optimization. Simulation results demonstrate that
our algorithm attains optimal sum rates in comparison to other
baseline algorithms.

Index Terms—Ultra-dense LEO satellite network, reconfig-
urable intelligent surface (RIS), sum rate maximization, alter-
native optimization.

I. INTRODUCTION

In recent years, ultra dense low-earth-orbit (LEO) satellite
networks (UDLNs) emerges as a promising paradigm for the
space segment to be integrated with terrestrial networks [1].
UDLN has shown enormous potential not only in achieving
seamless global coverage for remote regions, but also in
providing massive and high-capacity access for hotspots [2].
However, in urban scenarios, high-rise skyscrapers will block
the line-of-sight (LOS) paths from LEO satellites to terrestrial
mobile users and reduce the coverage area of LEO satellites,
leading to poor LEO satellite availability in street [3]. To
overcome the LOS limitation by LEO satellites for street-
level communications in urban scenarios, a key conceptual
solution is to deploy reconfigurable intelligent surface (RIS)
[4]. RIS consists of massive low-cost reflection components,
which is capable to reflect incoming signals with adaptable
phase shifts and change signal propagation path bypass the
obstacles [5]. By installing RIS on the outer wall of the
high-rise skyscrapers, the efficient street-level communication
service can be realized through the reflection of the building.

Introducing RIS to UDLN in urban areas can significantly
enhance signal coverage, improve signal quality and reduce
the power consumption of satellite networks, which is of
remarkable application prospects. But still, there are many
challenges for RIS to be applied in UDLN, such as power
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limitations of LEO satellites, difficulty of beam tracking due to
high-speed moving satellites, and rate constraints of different
users. To maximize the data rate of single user, Zheng et al.
[6] proposed semidefinite relaxation algorithm based optimal
beamforming and phase shifting design for double RIS. Deng
et al. [7] designed RIS-aided multi-satellite communication
scheme including rate maximization via holographic beam-
forming and LEO satellite tracking in the uplink scenario of
single user and multiple satellites. However, most of existing
researches on RIS-aided LEO communication systems pay
more attention to single user without considering the multi-
user scenarios. Besides, to obtain the overall network gain
provided by multi user scenarios, it is of critical importance
to investigate the phase optimization problem for the spatial
interference suppression among the multiple users and the
cooperation between different elements of the RIS. Therefore,
how to design an efficient and applicable algorithm for multi
user scenarios in UDLN to jointly optimize the beamforming
and RIS phase shift remains a challenging issue.

Motivated by the above deliberation, in this paper, we
investigate RIS-aided downlink communication system for the
urban scenarios of multi-user in UDLN. Our objective is to
optimize the sum rate of users while adhering to the power
constraints of the LEO satellites. The main contributions of
this paper are highlighted as follows:

o We formulate RIS aided ultra-dense LEO satellite down-
link communication system in urban scenarios for multi-
ple users. Optimization model which maximizes the sum
rate of UDLN satisfying the power constraint of LEO
satellites is set up in this paper.

o We decouple the origin problem of maximizing the sum
rate into three separate subproblems and jointly solve
beamforming, user association and RIS phase shift prob-
lems through alternative optimization (AO).

o The simulation outcomes demonstrate that our algorithm
achieves the optimal sum rate compared with baseline
algorithms, and thereby significantly improve the perfor-
mance of UDLN.

The rest of this paper are structured as follows. Section
IT delineates the system model and presents the problem
formulation for RIS aided downlink data transmission in
UDLNSs. Sections III introduces algorithm aimed at resolving
the formulated optimization problem. Section IV provides
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illustrative outcomes that validate the effectiveness of the
proposed algorithm. Conclusions are provided in Section V.

II. SYSTEM MODEL

In this section, we formulate RIS aided ultra-dense LEO
satellite downlink communication model for sum rate maxi-
mization in urban scenarios.

A. Scenario Description

Mobile users in urban streets experience pronounced urban
canyon effects, while signals transmitted from LEO satellites
must cover extensive distances to reach these users. To op-
timize the performance of UDLN, as shown in Fig. 1, we
consider a downlink communication system with aid of RIS
in urban scenario of UDLN, which consists of L multi-antenna
ultra dense LEO satellites denoted by £ = {1,2,...,L}, K
users denoted by I = {1,2, ..., K} each equipped with single
antenna and a RIS.

Each LEO satellite employs a uniform planar array (UPA)
comprising Mg = Mg, X Mg, antennas, with Mg, and
Ms , representing the antenna numbers along the = and y axes,
respectively. Simultaneously, the reconfigurable intelligent sur-
face (RIS) comprises Mr = Mg . X Mg, reflecting elements,
uniformly distributed along the x and y axes. Here, Mg ,
and Mg, signify the count of reflecting elements along the
respective axes. The UPA array response vector vg € CMs>1
[8] is deduced as

Vs = Vi ® Vv, (1)

where ® represents the Kronecker product of two vectors,
v% € CMs=x1 and v € CMsw*! stand for z and y axes
response vectors respectively.

B. Channel Model

Due to the obstacles like high buildings and trees, the direct
links between LEO satellite and user are usually blocked. Let
Em.k € CMsx*1 represent the channel vector of the direct link
from LEO satellite m to the user k. According to the channel
characteristic of satellite to ground, the channel between LEO
satellite m to the user k can be expressed as

B A e,

where Gg and G, denote the antenna gain of LEO satellite
and user, respectively. ¢ represents the speed of light, f. stands
for the subcarrier frequency, and d,, j signifies the distance
between LEO satellite m and user k, 5;?“@ denote channel
factor denoting Rayleigh fading model with factor 0% ay Which
is widely utilized in non line-of-sight (NLOS) propagations.
Let H,, g € CMs*Mr denote the channel matrix of the
link from LEO satellite m to the RIS, which is expressed as

vV Gsc
47chdm,R

where d,, g is the distance between LEO m and RIS, 6,, r
is the channel factor of Rician fading model.
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Fig. 1. RIS aided ultra-dense LEO satellite downlink communication in urban
scenarios.

Let 1, € CMr*! denote the channel vector of the direct
link from the RIS to the user k. Similarly, 1 ;, is modeled as

_ VOsGucs, e Bdna T @
At fedpy
where dg i is the channel factor denoting Rician fading.
The link between LEO and user consists of two parts
including direct link (LEO-user) and reflect link (LEO-RIS-
user). The overall channel matrix from LEO m to user k is

h,, x = gmk + 1 OH,, R, (5

where ©® corresponds to the diagonal matrix of RIS phase.
0, = e/% indicates the phase shift of the ¢-th RIS element,
where 6; € [0,2m) is the phase angle.

Iz %

C. Problem Formulation

The transmitted signal of LEO m is derived as

k=K
Ym = Z T, kSm,kWm, k (6)
k=1

where s, ;. denotes the signal from LEO m user k and
E (\sm7k|2> = 1. Meanwhile, z,, , € {0,1} denotes user
satellite association x,, ;; = 1 means user k is access to LEO

satellite m, otherwise not. The data rate between LEO satellite
m and user k is denoted as

|hm,kwm,k|2 Tom,k

R’m,k = logg +1

L

> 2 |hmvkwm/7k"2xm/,k’ + 02
mi=1 k' Zk

(N

This paper focuses on enhancing the downlink sum rate in
the given context by jointly optimizing beamforming for each
LEO satellites, the association of terrestrial users with LEO
satellites, and the phase shifts matrix of RIS. The optimization
goal is constrained by various factors, encompassing signal-
to-interference-plus-noise ratio (SINR) restrictions for users,
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the boundaries of transmit power for each LEO satellite, and
the limitations associated with user-to-satellite associations.
Therefore, the mathematical formulation of the problem can
be expressed as follows:

L K
S Rk ®)

(P): max

wm,,kvzwz,k’@ P——

K

s.t. me’k|wmyk|2 <P Vme ,C, (8a)

k=1

L

> Rpi>m VEEK, (8b)
m=1

> wmr=1 VkeK, (8¢)
m=1
Tmi € {0,1} ¥Yme L ke, (8d)
©,.° =1 V1<n< Mg, (8e)
©,;=0 Vj#n,1<n,j <Mg. (8f)

where Py signifies the maximum allowable transmit power
for each LEO satellite, while rg > 0 represents the minimum
requisite transmit rate for each user. The constraint on the
power of each LEO satellite is depicted in the formulation (8a).
The transmit rate constraint is presented in constraint (8b).
Each user k can only access one LEO satellite m within its
reach at each time as shown in constraints (8c) and (8d). The
phase constraints of each RIS element are shown in constraints
(8e) and (8f).

III. ALGORITHM DESIGN

In this section, we propose AO based joint beamforming,
user association and RIS phase shift (ABUR) algorithm. The
transmit beamforming at LEO satellites, user association and
RIS phase shifts are optimized iteratively and alternately until
convergence is attained.

A. Beamforming Optimization

By fixing the user association variables x,,; and RIS
phase shift ©, original (P) is transferred into subproblem of
beamforming optimization which is denoted as

L K
(P1): max Y > Ry 9)
Wk T k=1
K
s.t. me,k\wmkf <P, VYmeL,kek, (a)
k=1
L
> Rpr>ry VkeEK, (9b)
m=1

where Wy, ), € CMs*1 (1 <m < L,1<n<K) represents
the optimization beamforming variable. We first introduce

auxiliary variable tm,k(l <m < L,1 <k < K), the original
beamforming subproblem is equivalent to

L K
Z Z 10g2 tm,k

max (10)
W, klm k =1 k1
L
StY tmp =20 VEEK, (10a)
m=1
> TmplWmil? < Py ¥me L, (10b)
k=1
N Wi i)
tm,k S L | ’kw 7k| + 1
Z Z xm’,k’ |hm,kwm’,k’ |2 + 02
m'=1k'#£k
Yme L, ke K. (10c)

Combining constraint (10a) with the nonconvex fractional
equation constraint (10c), the constraints (10a) and (10c) in
(10) can be written as (11) and (12) by introducing additional
slack variables variable [ [9].

L
Z TR £ Win k| > BVt — 1, (11)
m=1
L
S vk Y Bawar w240 < B (12)

m=1 k' £k

where [, > 0 and constraint (11) is nonconvex which has
convex upper bound

f(Bryti; ¥r) = %ﬂk w 1

Using Successive Convex Approximation (SCA) [10], we
iteratively solve these convex subproblems and updating the
problem variables. In each iteration, the problem (P1) is
transferred into (P1’) as

13)

L K
Z Zlog2 tm k

P1') : 14
(V) mas, . 22 .
L te—1
-
t. m hm m > k )
s. mZ:l:v R Wi | it sup Thek
(14a)
L
Z Z xm,k|hm,ka’,k:"2 +o?<pBp VkeK,
m=1k'#k
(14b)
K
me,k|wm,k|2 <P VmecL, (140)
k=1
> 20 Vke K, (14d)
oD e, 4
th>1 Vkek, (14f)
B >0 Vkek, (14g)
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where w,, . € CMs*1 ¢, € R, B, € R. (P1’) is convex and
can be solved.

B. User-LEO Association

To obtain a feasible user-LEO association scheme, we fix
the beamforming vector w,, ; of each user and RIS phase
shift ®, and the original (P) can be transformed into the
subproblem of user-LEO association optimization which is
denoted as

L K
max ZZRW’C

(P2) : (15)
SR —
K
s.t. me,k|wm,k\2 <Py VYmeL, (15a)
k=1
L
Z Rm,k‘ =T Vk € ’C, (15b)
m=1
L
Z Tmr=1 VkeKk, (15¢)
m=1
Tmi €{0,1} Vme L keK. (15d)

(P2) is an integer programming problem characterized by a
non-convex objective function which can be converted into a
many-to-one matching problem.

We adopt a greedy method to optimize the matching scheme
where each terrestrial user is matched with the most preferred
LEO satellite and add each association between user and
LEO satellite into the set. Specifically, each unmatched user
k proposes to LEO mj to match with satisfying

my, = arg max | Ry VkeKk, (16)

me[l,L

and the user-LEO association x,, ; = 1 when m = mj.

C. RIS Phase Optimization

For the optimization of RIS shift phase problem, we fix the
user-LEO association variables z,,_ ; and beamforming vector
W, Of each user to decompose the original optimization
problem (P) into the following subproblem.

L K
(P3) : max ZZRm,k

(17)
m=1k=1
L
st. Y Rpr>my VE€EK, (17a)
m=1
©,,.°=1 V1<n< Mg, (17b)

For simplicity of notation, the equivalent vectors for the
reflect link a, ; and the direct link by ; are defined as

L L
ay; = »_ diag(lgs) Hnmp - Y W jTmr g, (18)
m=1 m’=1
bk7] Z Sm, kTm,k * Z W' jTm/ ;- (19)

m/=1

Consequently, the transmission rate of the user k£ can be
derived as

|bk,k + VHak,k|2 20)
Sk Ibrj + viay | + 02

We then introduce the following auxiliary variables ¢,,, Ry ;
and V [11]

Ry = Blog <1+

|brk + VHak,k}Q

tk =1 + 2 ) (21)
> jn Py + Va7 + 02
aja;  ag by
R, = d gl 22
k,j |:ak jbk j :| ( )
VVH VH
V= [ M } : (23)

where v represents the vector consisting of the diagonal
elements of the RIS phase matrix ®. Furthermore, for V to
adhere to the constraints that 'V is a semi positive definite
matrix with rank one. We choose to relax the rank constraint
which is nonconvex. To address this, a similar approach as
employed in solving (P1) is used, involving the introduction
of supplementary slack variables denoted as ,,. As a result,
the problem presented in (24) is transformed into a series
of subproblems (P3’), which is convex and can be easily
addressed.

(P3') : max Z log, t (24)
s.t.tr (Rk ;CV) + |b;€ k|
?/)k 1

> 2+ Tor (tr — 1) Vk €K, (24a)

o +Z(tr Ry;V) + [byjl*) < B k€K, (24b)

J#k

Van=1 V1<n< Mg, (24¢)

V=0, (24d)

Yy, = (t,(j‘” - 1) /BYY vk e K. (24e)

Upon solving V, the RIS phase matrix can be derived through
eigenvalue decomposition of V. The diagonal elements v
of the ® can be generated by v = U+v/D, where D is
the eigenvalue matrix of V and U is the combination of
corresponding right eigenvectors.

D. Alternative Optimization

To achieve optimal performance through an efficient ap-
proach, we employ the ABUR algorithm, elucidated in Al-
gorithm 1. We decouple the initial problem into distinct
subproblems (P1) and (P2), as elaborated in the preceding
subsections, each addressing specific optimization variables
and resolved iteratively. Particularly, we first initialize the
variables x(0), w(0), ©(0) of the algorithm. And then in the
i-th iteration, we calculate w(i), x(¢) and ©(i) by solving
subproblems based on w(i — 1), x(¢ — 1) and ©(i — 1)
in previous iteration. This iterative process continues until
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Algorithm 1 AO-based joint beamforming, user-LEO associ-
ation and RIS shift algorithm (ABUR).

Input: Initial variables x(0), w(0), ©(0), threshold .
QOutput: Optimal x*, w*, ©*.

1: Calculate the sum rate R;,1q;(0) based on U(0), Wy, 1(0),

and ©(0).

2: 1 =1.
For given x,, (i) and ©(i — 1), calculate w,, ,(¢) by
solving subproblem (P1°).
For given ®(i — 1) and w,, 1 (%), calculate @, 1 (%).
m" (i) = arg maxp,eq1,1] R k-
mm"(i),n(i) =1.
For given z,, 1 (7) and w,, (i), calculate ® (%) by solving
subproblem (P3’).

8: Calculate the sum rate Riotqi(i) based on z, (i),

W k(1), and O(3).

9: if |Rtotal(i) — Rtotal(i — 1)| < ¢ then
10: Jim,7k(i)* = a:m,k(i).
1:  w*=w(i).
122 O*=0(+1).
13: else
4. 4 =1+ 1, repeat step 2 to 4.
15: end if

(98]

Nk

specific convergence criteria are met, and the ABUR algorithm
has provable convergence under some conditions.

IV. NUMERICAL SIMULATIONS

In this section, we assess the performance of ABUR algo-
rithm using the simulation parameters outlined in TABLE L.
To substantiate the efficacy of ABUR algorithm, we compare
its performance against two baseline scenarios:

o Without RIS: Let the number of RIS element be 0.
o Random Phase: The value of RIS phase matrix © is
randomly assigned.

K =32 and My = 16.

In this 2 baseline scenarios, user-LEO association and beam-
forming are solved by greedy algorithm and SCA respectively.
All simulation curves are derived from the average of 100
independent channel small-scale fading instances. Numeri-
cal illustrations are included to confirm the efficacy of the
introduced algorithms. Our analysis is conducted within a
3D coordinate framework, wherein the UPAs of both LEO
satellites and the RIS are situated within the x-z plane.

TABLE 1
SIMULATION PARAMETERS

Parameters Value
Rician factor of LOS channel 15 dB

Rayleigh factor of NLOS channel 0.2

Frequency of carrier 20 GHz

Gaussian white noise -174 dBm/Hz

Orbit height of LEOs 550~1100 km [12]

Number of LEOs 11927 [12]
Number of LEO satellite antennas 4%4
Antenna Gains 17dBi

Figure 2 illustrates the convergence behavior of ABUR
algorithm., random phase and data transmission without RIS.
As the iterations increase, the sum rate of UDLN increase.
When the iteration count approaches 25, the cumulative rate
yielded by ABUR stabilizes, underscoring its robust conver-
gence behavior.

Fig. 3 shows the sum rate versus power constraint of LEO
satellite when K = 32 and Mz = 16. The total sum rate of
UDLN shows a linear relationship with the power constraint
of each LEO satellite in all three algorithms. The proposed
RIS aided ultra-dense LEO satellite downlink communication
system performs better than the random phase scenario, due
to the fact that random phase may increase the interference
between users and thus reduces the sum rate. RIS can sig-
nificantly increase the sum rate compared to the transmission
without RIS because of the presence of LOS paths and the
reduction of interference between users by RIS phase shift.
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Fig. 4 shows the relationship between sum rate and the
number of users when M i = 64 and Fy = 32 dBm. The sum
rate of random phase escalates as user numbers rise, attributed
to the fact that random phase may increase the interference
between users in multi-user scenarios thereby decreasing the
sum rate of the network. The proposed ABUR algortihm can
remarkably enhances the sum rate of UDLN when the number
of users are increased compared with random phase.

Fig. 5 shows the relationship between sum rate and the
number of RIS elements with Mp ranging from 16 to 100
when K = 35 and Py = 32 dBm. The increase in the number
of RIS elements improves the overall downlink sum rate of
UDLN for both random phase and ABUR algorithms. The
growth rate is gradually regionally flat with the increase of
RIS elements for proposed ABUR algorithm. Meanwhile, the
optimal RIS phase algorithm improves the sum rate of UDLN
at a greater rate than the random phase algorithm.

V. CONCLUSION

In this paper, we have investigated RIS-aided downlink
transmission of UDLNs in urban scenarios. We have set up
optimization model to maximize the sum rate of UDLN con-
sidering the power constraints of LEO satellites. Then we have
proposed ABUR algorithm through alternative optimization to
solve the sum rate maximization problem. Simulation results
have demonstrated that our approach achieves the optimal sum
rate in comparison to baseline algorithms, leading to a substan-
tial enhancement in UDLN performance. In the future, we will
further investigate RIS application in performing distributed
channel estimation in UDLNs considering imperfect channel
information.
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