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Joint Beamforming Design for Reconfigurable
Intelligent Surface-Assisted LEO Satellite
Constellation Communication

YAO Wenfei*, Chen Xiaoming?, WANG Qi?

Abstract — Low earth orbit (LEO) satellite
constellation, as a typical non-terrestrial network
(NTN), can provide ubiquitous connectivity for
sixth generation (6G) wireless networks with low
transmission delay. However, satellite
communications (SATCOM) are still hampered by
challenges such as scarcity of spectrum resources
this paper,
(RISs) are

performance of

and significant path losses. In

reconfigurable intelligent surfaces

deployed to enhance the

long-distance satellite-terrestrial communication.
Further, by exploring inter-satellite links, a joint
active beamforming at satellites and passive
beamforming at RISs design algorithm is proposed
to improve the weighted sum rate (WSR) of
satellite-terrestrial communication in the presence
of inter-satellite interference due to spectrum

sharing. Specifically, we adopt alternating

optimization (AO) method to split the original
problem into two sub-problems and then solve
them step by step. given passive
RISs,

beamforming design problem with a closed-form

Firstly,
beamforming at we solve the active
solution. Secondly, given the active beamforming,
we design passive beamforming for RISs through
the alternating direction method of the

College of Information Science and Electronic Engineering, Zhejiang

University, Hangzhou 310007, China.

multipliers. Theoretical analysis and extensive
numerical simulations demonstrate the
effectiveness of our proposed algorithm in

RIS-assisted LEO satellite constellation
communications.

Keywords—6G, LEO satellite constellation,
surface,

reconfigurable intelligent

beamforming design
I. INTRODUCTION

Nowadays, the fifth generation (5G) wireless
network has entered the commercial stage and has
been deployed and applied globally [1]. However, 5G
solely encompasses densely populated regions, leaving
a substantial portion of the earth's surface without
network coverage, such as oceans, deserts, and remote
mountainous areas [2]. Given the substantial expenses
stations and

associated with establishing base

backhauls in these remote environments, satellite
communication (SATCOM) network has been widely
recognized as the non-terrestrial network (NTN) of
future sixth generation (6G) systems, aiming to
provide ubiquitous but low-cost communications. As
of now, there have been numerous satellite projects,
e.g., Starlink and OneWeb [3].

Amidst the array of satellite types orbiting at

different altitudes, low earth orbit (LEO) satellites
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have become a focal point because of their superior

signal strength, shorter transmission delays, and
greater cost-effectiveness in contrast to satellites
positioned at higher orbits. Since LEO satellite moves
very fast, a massive number of satellites forming a
constellation provides continuous communications. For
instance, Starlink will contain a total of 42000 LEO
These

inter-satellite links from one satellite to another and

satellites. satellites exchange data via
finally to the user equipments (UEs), and achieve
continuous coverage of a specific area through satellite
handover. This approach enables internet connectivity
in remote or underserved areas all the time [4].

communication still

However, satellite-terrestrial

faces many challenges. For instance, in
satellite-terrestrial communication, the path loss with
long propagation distance is still much higher than that
of terrestrial communications. Moreover, the channels
between satellite and terrestrial UEs are affected by
weather and obstacles seriously, which makes the
communication quality susceptible to small-scale
channel fading. In particular, the non-line of sight
(NLoS) link experiences significant degradation in
urban areas, [6]. To mitigate the effect of small-scale
channel fading on the transmitted signal, channel
equalization technologies, such as linear equalization
[7] and least square equalization [8] are commonly
used in SATCOM. In addition, SATCOM faces the
challenge of scarce frequency resources, especially
with the increasing number of satellites. To bolster
spectral efficiency, the aggressive full frequency reuse
(FFR) scheme [9] has been introduced into LEO
satellite constellation communications. Notably, an
aggressive utilization of frequency reuse will
unavoidably lead to significant interference, thus
the wuse of

requiring interference  management

techniques, such as beamforming [10] and precoder

[11]. However, these techniques can not completely

eliminate interference. Fortunately, the recently
emerged reconfigurable intelligent surface (RIS) is a
possible technique that can overcome these challenges.

RIS, as a 6G candidate technology, has garnered
significant attention. Specifically, RIS is a metasurface
formed by numerous independent and controllable
passive reflective elements. Every element can
autonomously adjust phase shifts of the incident
signals via a control board [12]. RIS has the potential
to transform wireless communication by enabling the
manipulation of electromagnetic signals to enhance
reliability  [13], [14],
efficiency [15], and so on [16], [17]. The challenges
faced by LEO SATCOM can be further solved by
applying RIS to LEO SATCOM. On the one hand, RIS

compensates for path loss by adjusting the shape and

communication coverage

direction of the signal beam to improve signal
hand, RIS
efficiently manages spectrum utilization by controlling

coverage and quality. On the other

signal reflection and transmission, enhancing spectrum
efficiency, and enabling greater data transmission
within limited frequency resources. Specifically, by
reasonably designing the active beamforming of the
satellites, the transmitted signals can be better beamed
to the UE and cope with the interference. Further, by
designing the passive beamforming of the RISs, the
incident signal of the RIS can be well reflected to the
UE, thus further enhancing the desired signal and
suppressing the interference.

Recently, some academic works have introduced
RIS into SATCOM systems to enhance communication
performance. In contrast to terrestrial communication,
SATCOM employs RIS in two manners. The first one
deploys RIS on satellites. For instance, the authors in
[18]
performance in a RIS-assisted SATCOM. In [19], RIS

investigated the cooperative communication
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was used to compensate for the significant path loss
inherent in very high-frequency carriers, resulting in
significantly improved error rate performance in
massive swarms of LEO SATCOM. In particular, the
authors in [20] proposed a novel strategy to maximize
the LEO satellite coverage range by leveraging RIS
into the LEO satellite network. The second one
deploys RIS on the ground. For instance, the authors in
[21] proposed a beamforming design scheme in the
blocked RIS-assisted hybrid satellite-terrestrial relay
network, exploiting RIS to minimize the total power of
both satellite and base station (BS) while guaranteeing
users' rate requirements. The work in [22] designed an
energy-efficient RIS-aided non-orthogonal multiple
access (NOMA) communication network for LEO
SATCOM. The authors in [23] considered hardware
impairments and interference, and then examined the
RIS-assisted integrated

vehicle (UAV)-terrestrial

effectiveness of
satellite-unmanned aerial
networks, particularly in scenarios where a direct link
is unavailable. In particular, the work in [24] designed
a medium earth orbit satellite-to-ground network to
simultaneously serve ground users' navigation and
communication by adopting the NOMA technique and
RIS. Feng et al. [25] proposed a RIS-assisted multiple
satellites cooperative downlink transmission scheme to
enhance communication by jointly optimizing
beamforming vectors at satellites and phase shift
optimization at RIS. Moreover, some studies advocate
the deployment of RIS at both satellite and ground.
The authors in [26] investigated the security of double
RIS-assisted space-ground networks.

Despite the works [18]-[26] have introduced RIS
into SATCOM to enhance performance, most of them
only considered simple scenarios involving a single
satellite. In satellite constellation communications,

inter-satellite interference often occurs among adjacent

satellites [27]. Hence, mitigating interference is a
crucial issue to ensure seamless coverage and high
transmission rates. In this context, some effective
interference cancellation techniques have been applied,
i.e., resource allocation [28], channel allocation [29],
power control [30], and beam management [31].
However, their systems did not consider the RIS
technology. As far as the authors are aware, there is
presently no research that applies RIS to alleviate
in LEO

satellite constellation communications. Therefore, We

interference and enhance communication

propose a RIS-assisted LEO satellite constellation
communication framework, which aims to enhance
satellite constellation communications through the
joint beamforming design of satellites and RISs. The
major contributions of this work can be summarized as
follows:

+ We propose a RIS-assisted LEO satellite
constellation communication framework that leverages
the cooperative nature of multiple satellites and RISs
to improve the quality and efficiency of ubiquitous
connectivity.

»To maximize the weighted sum rate (WSR) of UEs
within the power constraints of LEO satellites, a WSR
maximization problem is formulated to jointly
optimize the active beamforming at satellites and
passive beamforming at RISs. To get a feasible
solution, we decompose the original problem into two
subproblems: active beamforming design and passive
beamforming design. Given the passive beamforming
of RISs, a closed-form solution for satellite active
beamforming is obtained. This not only reduces the
computational complexity but also improves the
practicability of the algorithm. Given the active
beamforming of satellites, the ADMM method is used
to solve the non-convex unit module constraints.

Compared with the common semidefinite relaxation
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algorithm which cannot guarantee the feasible rank one
solution, our proposed algorithm can achieve a
near-optimal solution.

* We delve into the convergence and complexity
attributes of the proposed algorithm. Extensive
numerical simulations further validate the superiority
of the proposed algorithm, demonstrating significant
performance improvements over existing benchmark
algorithms as well as existing related works.

The subsequent sections of this paper are structured
as follows. Section Il introduces the model of LEO
satellite constellation communication and formulates
the optimization problem of joint beamforming design.
Then, Section Il designs a joint beamforming design
algorithm by solving the formulated optimization
problem. Section 1V validates the proposed algorithm's
effectiveness through simulation results. Lastly,
Section V provides the conclusion of this paper.
Notations: CM*N denotes a complex matrix of size
M X N. Bold uppercase and lowercase letters represent
matrices and column vectors, respectively. ©
represents the Hadamard product. V' (u,a2) denotes
the complex Gaussian distribution with u being the
mean and o2 being the variance. |-| and Il
denote a scalar’s absolute value and a vector’s L2
norm, respectively. ()T and ()" denote the
transpose and conjugate transpose, respectively. R{-}
represents the real part of a complex number. [ - ]xx
represents the k-th diagonal element of the matrix.
diag(-) denotes the process of diagonalization. (-)*
and ()T denote the conjugate and pseudo
inverse,respectively.

Il. SYSTEM MOEEL AND PROBLEM
FORMULATION

A. SYSTEM MODEL

—=— Inter-satellite link
— — ~ Directed link
—— RIS-assisted link

Figure 1 System model of RIS-assisted LEO satellite

constellation communication

Let us consider a RIS-assisted LEO satellite
constellation, which consists of a massive number of
LEO satellites equipped with N, antennas,
communicate with UEs on the ground, as illustrated in
Fig. 1. Within the constellation, there are N adjacent
satellites providing service to the total K UEs. All
UEs are randomly distributed in N ground areas, each
served by one satellite. Specifically, the n-th area
contains K,, UEs served by the n-th satellite with the
multi-beam technique. Due to the long propagation
path and the FFR scheme adopted in the whole
constellation, the received signals of UEs suffer from
significant attenuation and interference from adjacent
satellites. Thus, one RIS equipped with N, reflecting
elements per area is used to improve communication
quality, which is strategically deployed on the building
surface while ensuring that the line of sight (LoS) link
exist between RIS and UEs. In other words, the UE
receives signals from both the satellite and the RIS.
For brevity, let LEO,, and RIS, represent the LEO
satellite and the RIS serving the n-th area, respectively,
while UE,,, denotes the k-th UE located in the n-th
area.

During each time slot, the channels remain constant
and fade independently from slot to slot. At the
beginning of each time slot, the system acquires
channel state information (CSI), which is then shared
among all LEO satellites via inter-satellite links. Based
on the obtained CSI, all LEO satellites collaboratively
design active beamforming for satellites and passive
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beamforming for RISs to mitigate co-channel
interference and enhance overall system performance.
With the active beamforming at each satellite, LEO,,
constructs a transmitted signal as
X = Tty W eSne

where  w,, is the N; -dimensional active
beamforming vector designed for UE, ,, s, is the
transmitted symbol for UE, , , which satisfying
Ef{spisni} =1 and  EfspySp} =0V, k) #
(n, k). Then the signal is sent over the downlink
channel, and then arrives at the UEs via the direct link
and the RIS-assisted link.

For the direct link, in light of the signal propagation
traits within LEO SATCOM [32], the channel between
LEO; and UE, ) can be expressed as

1
h = Cl,n,kbin'k O Mk
where C;, is the large-scale fading factor, which is
given by

2
C _ c Gn,k
Ink — ,
e 47del,n,k KBT

with ¢ being the speed of light, B being the carrrier
bandwidth, f being the carrier frequency, T being
the receive noise temperature, x being the Boltzmann
constant, G, being the receive gain of UE, , and
d;nx being the propagation distance between LEO,
and UE,, . In addition, b,,, represents the
Ns-dimensional satellite antenna gain vector of LEO,,
which of its mth element is expressed as

J1(Um) J3(Um)
[binilm = @ ( 12um + 36 3u3 ),

m

where w; is the maximum satellite launch gain of
LEO; and w,, = 2.07123 (sin(Xmn.)/sin(317%%) )

with xmink being the angle between the mth
antenna of LEO, and UE,,, x?*® being the 3dB
angle, J; and J; are the first order and third order
Bessel functions of the first kind, respectively.
MOreover, Iy, = 1 ,xe’2nk is the rain attenuation
vector between LEO, and UE,, with @,,, being a
phase vector whose elements follow uniform
distribution from 0 to 2m, and 7, being the rain

attenuation gain, which has a dB form r2f, =

20logyoTn With log-normal distribution In(r%2,) ~
N (U, o).

For the RIS-assisted link, it comprises two
subchannels, i.e., the subchannel between LEO
satellite and RIS and the subchannel between RIS(ahd
UE. In general, there exist LoS components in
RIS-assisted channels. In this context, the subchannel
between LEO,; and RIS,, is denoted as

¥in_ (LoS 1 NLoS
G,=7P =G> + G
OO W Kip+l M)

where P;, denotes the channel gain between LEO,;
and RIS, given by

1
Pin = /Cinb'}, O in.

Similar to the direct channel, /C";,, b, and r';,
denote the large-scale fading, transmit antenna gain
and rain attenuation of the subchannel between L@)l
and RIS,,, respectively. In addition, X, is the Rician
factor, G}:9% € CVNs and GNL°S € CVXPs are the
LoS and NLoS constituent parts of the subchannel
between LEO; and RIS,,, respectively. In partic{ﬁ%\r,
the elements of GN:°S adhere to M'(0,1), and G[3°
is specified as

Go® = ay (@' )an, (D),
where ay (®;,) and a}jr(cb’l,n) are the array
response of LEO, and RIS,,, respectively. Specifically,
ay (?,,) and ay (9',) with half-wavelength
antenna spacing can be formulated as [33]
ay, (D) = [1, /@), ... @i Ns=Dmsin(@yn)],
and 2)
ay, (P',) = [1,e/™m@nn), ... ei(Nr—l)nsin(wl,n)](
where @;,, and @', are the angle of depature (AoD)
at LEO; and the angle of arrive (AoA) at RIS,, of the
signal from LEO,; to RIS, respectively.

The phase of the signal arrived at the RIS is adjusted
by the reflecting elements. Through careful design of
these phase shifts, the signal reflected by RIS can
amplify the desired signal and alleviate the
inter-satellite interference, namely passive
beamforming at RIS. Let 6, ,, denotes the phase shift
of the mth reflecting element of RIS,,, the passive
beamforming matrix of RIS,, is given by

0,, = diag{e/on1,e/0nz, . e/Onnr),
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Finally, UE,, , receives the reflected signal through
the subchannel between RIS, and UE, ,, which is

represented as
Kk ,LoS 1 NLoS
K’n,k"'l gTL,k + K’n,k"'l gn’k ’

where P’ (dB) = 128.1 + 27.6log10¢, «
the distance dependent large-scale channel fading
factor with the distance ¢, ,(km) between RIS, and
UE, x, K'nx is the Rician factor of the subchannel
between RIS, and UE,, , gk eCM*1 and
ghioS € ¢Vt are the LoS and NLoS constituent
parts of the subchannel between RIS, and UE, ,
respectively. Each element of ghk°S obeys N (0,1),
and gLo is given by
glfks = ay, (P i),

where ay (", ;) is the array response of RIS, and
@",  is the AoD of the reflected signal with respect
to UE,,. In this context, the equivalent channel
between LEO, and UE,, can be represented as
il{-,ln,k = h{ln,k + gg,kencl,nl-

Due to the high mobility of LEO satellites, the
communication between LEO satellites and UEs are
affected by severe Doppler frequency shifts. To
enhance the communication quality, the compensation
of the Doppler frequency shift should be carried out. It
is reasonably assumed that the Doppler frequency shift
can be estimated perfectly, and then pre-compensation
at LEO satellites and post-compensation at UEs are
jointly performed [34]. In this way, the Doppler
frequency shifts can be effectively eliminated. Thus,
the received signal at UE,, , can be represented as

8nk = P ,n,k(

denotes

N
= hl x,+0
Ynk = ILnk31l n,k
=1
Kn
_ T,.H 1, H
= hn,n,kwn,ksn,k + hn,n,k Wh,jSn,j
desired signal j=1,j*k

intra—areainterference

Y'n general, since the distances between different areas are long,
the signals reflected by the RIS to other areas can be
neglected.

N Ki 3 H
+ Xit1 10 Zj:l hy Wy jsy + Qg

noise

inter—areainterference
In this context, the attainable data rate for UE, ; can

be computed as

Rpx =10oga(1 + Lyp),
where T}, is the signal to interference plus noise ratio
(SINR) of y, ., given by

(11)

W H
[y n e Wr k| 2

TSN K iH 2 "
S Y e, B eWiml24oh
Lm)=nk)

Fn,k

B. PROBLEM FORMULATION

Considering the limited power of LEO satellites, our
goal is to maximize the WSR of all UEs under gd®)er
constraints by jointly designing the
beamforming of LEO satellites and the passive
beamforming of RISs. Therefore, the mathematical
formulation of the optimization problem is given by

active

N Kn
r‘%aé( Zn=1 Zk=1 an,kRn,k

s.t. Tm, N W IP< P, vn € N,
0<0,n<2mVne€N,VmEN,

where W ={w,,,Vk€K, Vvne€N} and O =
{@,,,vn € N} represent the collections of optimization
variables. For problem (16), the objective function (16)
corresponds to the WSR of all UEs, with a,,, € (0,1)
representing the priority coefficient for UE,,. In
particular, a larger a,;, means a higher priority for
the UE. Constraint (17) denotes the power restriction
for each LEO satellite, with P™* representing the
maximum transmit power of LEO, . In addition,
constraint (18) imposes the unit modulus constraint on
each RIS reflecting coefficient. Deriving an optimal
solution for problem (16) within polynomial time is
challenging because of the coupled optimization
variables W and @ in the objective function (16), as
well as the non-convex constraint (18). To address this,
we propose a suboptimal but effective algorithm.

1. JOINT OPTIMIZATION ALGORITHM
DESIGN
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In this section, we focus on the design of a joint
beamforming algorithm for RIS-assisted LEO satellite
constellation communications by solving the
optimization problem (16). Consider the
optimization variables, the active beamforming W
impacts the beamforming at satellites, while the
passive beamforming @ influences the equivalent
channels. Both of them can affect the received signal
quality at the UEs. When one of them is given or fixed,
we can adjust the other to achieve improved
performance. Specifically, we transform the objective
function (16) containing fractional and logarithmic
terms into a convex form of each variable.
Subsequently, we adopt the alternating optimization
(AO) approach to decompose the optimization
variables and iteratively tackle the two resulting

MSEn,k = lE[(vn,RYn,k - Sn,k)*(vn,kyn,k - Sn,k)]

two

beamforming optimization sub-problems. In the
following, we solve the optimization problem in detail.

A. OBJECTIEV FUNCTION TRANSFORM

Herein, we transform the objective function (16).
Firstly, upon introducing the receivers wv,, for
resultant signal y,, at UE, ,, the mean square error
(MSE) of y,, is computed as (17) at the beginning of
the following page, where

— \'N K TWH H¥ 2
Onie = Li=1 Xjoq Wi ;wiihyn ) + 05

It is evident that the minimization of MSE, , occurs
only when vy, =wph, 9% as derived from
(17). In this way, the minimum MSE (MMSE) of
UE,

_ H . H H H
= UniOnkVnk — VniMineWnk — WnihinixVni +1

~ - H - -
_ H -1 H -1 H —1%,H
= (vn,k - Wn,khn,n,kﬁn,k)ﬁn,k(vn,k - Wn,khn,n,kﬁn,k) + 1= wy hy k9 Wa ks

be experssed as
— H ¥ -1§,H
en,k =1- Wn,khn,n,kﬁn,khn,n,kwn,k

H j; #.H
_ 19n.k_Wn,khn,n,khn,n,k""’n.k

19n,k

_ 1
1+Fn,k.

Therefore, by substituting (19) into (16), we can
reformulate the objective function (16) as

. K. —
I‘Tn}lg Zg=1 Zk7=11 an,klogz(en,i)'

Note that the minimization of a MMSE function is the
same as the minimization of a MSE function with the
MMSE receiver. Furthermore, the MSE, , is convex
to each optimization variable, facilitating the
transformation of the objective function. Hence, we
rewrite the objective function (20) as

. Kp
in N0y Tily niloga(MSEny),

where V = {v,,,Vn € N,Vk € K,,} is the colloction
of receivers. Unfortunately, the objective function (21)
is still non-convex because of the logarithm term. Next,
through the introduction of auxiliary variables

17)

B = {Bnx, Y1 € N,Vk € K, }, we convert the objective
function (23) as [35]

. Kn
i T3 Tl e (BngeMSEni = 1082(Bne)),

Upon computing the first derivative of the functig é 2)
concerning S, the optimal g, , can be obtained,
i, PBnr=MSE;}; . Although there are more
optimization variables in (22) than that in (16), we
have successfully addressed the fractional (ZBS]d
logarithmic terms. Furthermore, for a given active
beamforming W or passive beamforming @, the
function (22) is convex to the other when V and g
are fixed. Thus, we adopt the AO approach to address
the optimization problem in the following.

B. ACTIVE BEAMFORMING DESIGN

In this subsection, we focus on optimizing &2five
beamforming W while keeping passive beamforming
0@ fixed. Thus, the active beamforming optimization
sub-problem is simplified as

(22)
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. Kn
‘I/n“lll}g Zg=1 Zk=1 an,k(ﬁn,kMSEn,k - logz(ﬁn,k))

s.t. (16b).

This can be readily confirmed as a convex problem for
each variable when the other variables are held
constant and can be solved easily. Firstly, we calculate
the variables V and p. For the receiver v, it is
equal to the MMSE receiver w,‘;‘,kiln,n_kﬁ,;i. For the
auxiliary variable B, it is should be MSE;}. Then,
with obtained V and g, the optimal active
beamforming w, , can be derived by using the
Lagrangian multiplier method, which is given by

N Ki

_ T §H
Wy = an,k(z z ayiBujlve 1Py iy + v DT
=1 j=1

’ ,Bn,kvn,kiln,n,k'
where y, = 0 is the Lagrangian multiplier, and it
should be chosen to ensure power constraint at LEO,,.
With the active beamforming solution expression (24),
the transmit power at LEO,, can be formulated as a
function of y,, given by

Pa(rn) = Ticty Il Wi 112

= Bl Cne (i [(Sn + 72D (S, +
an)ﬁln,n,k):
where ¢, x = | iBnixVnil? and

(25)

_ K 1. . H
Sn = Xit1 2ty @ jBujlvyPhy jhy .

Since the matrix S, is a Hermitian matrix, it can be
unitarily diagonalized. Upon applying the singular
value decomposition (SVD) method, S, can be
decomposed as
S, = D,A, DY,

where A,, is a diagonal matrix containing #, positive
eigenvalues and Ny — 7, zero eigenvalues with 7,
being the rank of S,, D, contains the singular
vectors corresponding to the eigenvalues. Then, by
substituting (27) into (25), the function (25) can be
rewritten as

A [Pnlmm
Pn(rn) = Zm=1 (Anlmm+¥n)?’

where @, = Y1, ¢, Dih,, bl D,. It is clear
that p,(y,) decreases consistently as y, increases.
Therefore, if 7, = Ny and p,(0) < B"@, the optimal

¥, 1s zero and the optimal solution of ?ﬁgye
beamforming is

Pmax

— n 1,
Wnk = an,kﬁn,kvn,k Sn hn,n,k-
Pn(0)

Else, the optimal y,, should be determined within the
search interval (0,yY?), where the upper bound of the
interval yP is given by

N
Lz [Pnlmm
pmax
n

ub _
Yn =

Upon using the bisection search method, the optimal
multiplier y°** can be derived and the optimal
solution of active beamforming can be obtained by

substituting it into (24).

C. PASSIVE BEAMFORMING DESIGN ~ (24)

In this subsection, we focus on optimizating the
passvie beamforming ©. Due to the long distance
between different service areas, the RIS only serves the
UEs within its located area, and the signals from the
RISs belonging to the other areas is negligible. In other
words, RIS for each area can be optimized individually.
Therefore, with fixed active beamforming W, the
problem (16) can be divided into N single RIS
optimization problems, allowing for optimization in
parallel at different satellites. In this contex{2@he
problem of passive beamforming optimization of RIS,,
is denoted as

o B0 Bl @ (B MSEn i — 1082 (Bnic))

s.t. |6pm|l =1, VmEN,,
where V, ={v,,,Vk €K,} and B, = {ﬁn,k,(«%)e
K,} are the sets of receivers and auxiliary variables for
the UEs in the n -th area, respectively. For
convenience, the equivalent channel between LEO,
and UE, ; is reformulated as

hil, . = hih, . + @il diag(gn ) Gin

where @, = [@n1, ", Pnm] = [[Onl11, -, [On]um] -
Then, MSE, , in equation (17) with W;; = w{28)"
can be expressed as
MSE; , = (»onEn,k(Prl-lI + 2R{@n Y} + 6np + 1,
where
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nk

|Vn,k|2 Z?’=1 Zﬁl diag(gg,k)Gl,nwl,jG;-,Indiag(gn,k)'

K .
Yo, = |Vn,k|2 Zév=1 Zjil dlag(gg,k)Gl,nwl,jhl,n,k

. H
_dlag(gn,k)c'n,nwn,kvn,k
and
6n,k =
K H
[Vn il ? Tieq Zjil hy Wi jhy e +

Zm{vn,khg,kwn,k}-
By updating V,, and B,, in a manner similar to the
active beamforming design and eliminating the
constant terms, problem (31) is reduced as

min QnE 0% + 2R{@, Y 1}

S.t.|@pm| =1L, Vm €N,
where

= Ky =

Sn = Zk=1 U Pk En ke
and

I Kn

Y, = Zk=1 ik Br ik Yn k-
Because of the unit modulus constraint (37b), problem
(37) remains non-convex. To this end, we adopt the
ADMM to address it. Upon introducing dual variable

& =[én1 &nz o énk] and @  penalty term

§|| @, — ¢, II> into problem (37) to address the

non-convex constraint (37b), we have

min @nE@h + 2R{@, Y} + R{E (@ — D)}

s.t. [opm| < 1L, VM EN,,

|¢n,m| =1,VvmEeN,,

¢n = [Pn1, ) Pnn, ] are the auxiliary
variables. It is evident that problem (40) is convex for
each variable when the other two variables are fixed
and can be addressed by alternately updating each
variable until convergence, and the updating method of
each variable is introduced in the following. Firstly,
when &y and ¢, are fixed, the problem (40) is
simplified as

where

H(;in (an’n(prl-ll + ZER{(pnY’n} + ER{EH((pn - ¢n)}
(34)

s.t. (40b),
which is convex and can be readily addressed (B8hg
mathematical toolboxes like CVX. For variable ¢,,,
with obtained ¢, and &, from the last iteration and
eliminating constant terms, problem (41) is simplified
as

min R(-(E + ppn) ) O

.t |ppm|l =1L, VmEN,,
which has an optimal closed-form solution for ¢,,,
given by (37a)
P, = eJ“Cntpon),
For variable &,,, the optimal solution with olf&ihgd
¢, and ¢, isexpressed as

$n=Sn +p(@n — Pn). (38)
By iteratively optimizing the active beamforming and
passive beamforming until convergence, we(3gan
maximize the WSR of RIS-assisted LEO satellite
constellation communication under power constraints.
In conclusion, the joint beamforming design is
summarized in Algorithm 1 on this page.

Table 1 The joint beamforming design algorithm

Algorithm 1: The joint beamforming design

Input: hyp g, 8nier Guns N, Ky B, T, Ny, 07
Output: 0,,w,

1: Initialize iteration index i =1, convergence
criteria. A =1, feasible active beamformingioWy ,
passive beamforming O, &,, ¢, and set weighted
sum rate WSR(® = 0. (40D)

2: While A > 0.01 and i < T™ax (40c)

3: Calculate v, = wiihy, 95k and By =
MSE~1,

For n=1:N

Calculate the p,,(0) according to (28);

if p,(0) < B then

Obtain w+ " according to (29);
else

Getthe y°P" by the bisection search

i A
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method and then Obtain w{ ;" by
substituting y>P* into (24)

10: end if

11:  end for

12: For n=1:N

13: Calculate E', and Y', according to (38)

and (39);

14: Repeat

14: Calculate passive beamforming (p(”l)
by solving problem (41);

15: Update ¢,, and &,, according to (43)
and (44);

16: Until convergence

17:  endfor

18:  Update h}!, , according to (32);

19:  Update WSRG*D =N _ " . Ruk;

20:  Update A = WSR(*HD — WSR®;
21: Update i =i+ 1,
22: end while

D. ALGORITHM ANALYSIS

Herein, we explore the convergence and complexity chargcter!fs £s:0 fthqeeg

In Algorithm 1, the optimal solution of (16) is
achieved by iteratively optimizing ® and W. At ith
iteration, let F(W®,0®) represent the value of the
objective function (16a). To be specific, we start by
solving the convex problem (23), which corresponds to
the original problem (16a) with fixed @@ . After
obtaining WU+ from Step 3 to Step 11, we get

g:(w(i+1)'@(i)) > g:(w(i),@(i))_
Then, with obtained @¢*D from the Step 12-17 of
Algorithm 1, we get

FWED, @i+D)y > F(W(E+D @),
which holds true because problem (41) is the
augmented Lagrangian problem of problem (37), and
the convergence of these two problems is identical and
can be guaranteed [36]. Finally, according to (45) and
(46), we get

FWUED @i+)) > F(W®, 01),

which indicates that the WSR is non-decresing after
each iteration. Moreover, there is a definite upper
bound of WSR under the given maximum transmit

power constraints. Therefore, we can affirm that
Algorithm 1 will converge, as per the monotone
boundedness theorem [37]. Furthermore, we
demonstrate the convergence under different power
in Fig. 2. Observably, Algorithm 1
converges after less than 10 iterations.

Next, we analyze the computational complexity of
Algorithm 1. Since each UE has only one antenna, the
major complexity of the active beamforming design
comes from the multiplication of complex matrices and
the SVD of matrices. Specifically, the complexity
involved in computing matrix @, VneEN is
O(N?N2). The complexity of the decomposition of
matrix S,,vn € N is O(NN3). The complexity of
calculating the optimal active beamforming W for all
UEs is O(KN32). Thus, the overall complexity of
active beamforming design is O(KN2). For passive
beamforming design, the primary complexity arises
from resolving the problem (41), which encompasses
N, optimization variables and is subject to N, linear
matrix inequality (LMI) constraints concerning each
variable. Hence, the overall complexity of passive

constraints

the total computational complexity of Algorithm 1 is

5
0 <KNS3 + zﬁNNg).

IV. NUMERICAL RESULT

This section performs extensive numerical simulations to evaluate

UEs are distributed according to the comr%@ly
adopted Poisson point process (PPP) within the
circular area centered on the RIS with a specified
radius. Unless otherwise stated, the parameter@@re
listed in Table 2. In particular, we compare the
proposed algorithm to benchmark algorithms listed
below:

» Without RIS: No RIS is deployed in the network. To
be specific, we set the subchannels G, and g, in
RIS-assisted link to zero matrices and only the Séa/e
beamforming design is executed.

« Random RIS: RISs are deployed in the network with

fé’rﬁ)oseddc(ﬁ mwﬁtjnt%q d(?_SIr%hngI’lthm resp
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random passive beamforming and only the active
beamforming design is executed.

 Upper bound [39]: Relax the unit modulus constraint
(41) to |@,m| <1 and solve problem (31) to get the
passive beamforming, while the active beamforming
design is the same as the proposed algorithm.

» Convex-concave procedure (CCP) algorithm [40]:
Implement passive beamforming design with the
penalty CCP. Specifically, by rewriting the unit
modulus constraint (41) as 1 < |¢,, | <1, we have
two new inequality constraints. Then, the right-hand
inequality 1 < |@,,,| can be transformed into

1< 2R {@um@in} — loSml? by  using the

successive convex approximation (SCA) method,
where go,(,?n is the solution of ¢, ,, obtained from

the i -th iteration. Upon introducing 2N, slack

variables {e;, e, es,...,e,y } and penalty term

pO NN e the problem (31) can be reformulated as
. o i) 2Ny

min @nE, @, + 2R{@n Yo} + 0O L0l em

5.t [5nl? = 2R {PumPin} < em = —1,¥m € N,
I‘pn,ml <1+ em+ervm € NrJ

where p® represents the penalty factor in the i-th

iteration.

+ Semidefinite relaxation (SDR) algorithm [41]: Implement passiggigaraieisnise gggcigg(’oy adopting the ffPR technique. Speci

min §,,F, 9},

Pn

s.t.|@pm| =1L, Vm €N,
where @,, = [¢,,1] and

=i o]

tole)t o I
Finally, by defining ¥, = @!g, and adopting the
SDR technique, the problem can be rewritten as

r{lpin tr{¥,F,,}

s.t.[®,]; = 1,Vi € (N, + 1),
y, > 0.
which is a semidefinite programming (SDP) problem,
and can be solved easily. Finally, the passive
beamforming can be obtained from the solution of

problem (51).
Table 2 PARAMETER SETUP

Parameter Value
Propagation distance d; 550 km
Carrier frequency f 30 GHz
Spectrum bandwidth B 25 MHz
Number of satellites N 3
Number of antennas N 32
Maximum transmit power P"a* 30 dBm
Number of RISs N 3
Number of UEs K 24
Priority coefficient of UEs a, 1
Number of reflecting elements of RIS 100
NT
Transmit gain to noise temperature 34 dB/K
Gy/T
Satellite antenna gain by 20 dBi
Boltzmann constant k 1.38 x
10723 /m
Rain attenuation mean p, -2.6 dB
Rain attenuation variance o/ 1.63@Ba)
AWGN variance o7, -170 dBm
3dB angle y; O"to48b)
AoD of signals at LEO,, @, [/2,3m/2]
AoA of singal @'}, [3n/4,§418f4]
AoD of singal at RIS, @";, [0,2m)
Rician factor of G;,, X 8

Maximum iteration number T™max 3Q49a)

First, we show the convergence behavior g’fgb[he
proposed algorithm 1 under different maximum
transmit power P vn € N in Fig. 2. Itis clea(lg@j)at
the WSR increases continuously during the iterations,
with convergence achieved within 10 iterations across
different transmit  power  settings.
Furthermore, the WSR improves accordingly @ldje
maximum transmit power increases.

maximum

(51b)
(51c)
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Figure 2 Convergence of the proposed Algorithm 1.

Secondly, in Fig. 3, we analyze the performance
enhancement of the proposed algorithm in contrast to
the benchmark algorithms at different maximum
transmit power levels. The performance improvement
achieved by “Random RIS" can be disregarded when
compared to the scenario without RIS. Instead, by
employing the proposed algorithm to design the
passive beamforming, a significant performance
improvement can be achieved, thus enhancing the
quality of service (QoS) for UEs. This is because even
though the signals reflected by the RISs with random
passive beamforming have not been perfectly aligned
towards UEs, UEs can still receive the signals through
the direct link with the active beamforming at LEO
satellites. On the contrary, the signals reflected by the
RISs with the designed passive beamforming can
further strengthen the desired signal, while suppressing
the interference. Moreover, the observed performance
improvement of the proposed algorithm exceeds that of
CCP algorithm and SDR algorithm. This is because the
results obtained by the CCP algorithm utilizing the
SCA method to deal with the unit modulus constraints
are more deviated from the optimal solution, while the
SDR algorithm often fails to get a optimal rank-one
solution to problem (51) and then requires additional
steps to construct a feasible solution for passive
beamforming, such as the Gaussian randomization
technique. Furthermore, the effectiveness of the
proposed algorithm is further demonstrated by the fact
that the performance of the proposed algorithm is close
to the “upper bound".

g
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Figure 3 WSR versus the maximum tranmit power.

Next, we show in Fig. 4 how the number of
reflecting elements in RISs influences the system
performance. The performance of the proposed
algorithm is improved by increasing the number of
reflecting elements. The reasons are two-fold. On the
one hand, since the RIS contains many passive
reflective elements, an increment in the quantity of
these elements results in an increment in the signal
power received by RIS. On the other hand,
incorporating more reflective elements provides
additional channels from RIS to UEs, increasing
spatial flexibility. This enables RIS to more effectively
boost the desired signal and suppress interference with
the enhanced passive beamforming capability.
Nevertheless, escalating the amount of reflecting
elements in RIS not only escalates deployment costs
but also magnifies the algorithm’s computational
complexity. Therefore, it is meaningful to strike a
tradeoff between the performance and the quantity of
reflecting elements when deploying RIS in practice. In
addition, Fig. 4 also demonstrates that deploying RIS
with random passive beamforming may lead to a worse
performance compared to the scenario without
deploying RIS, which indicates that properly
configuring RIS is equally crucial.

Then, we demonstrated the influence of the
distribution radius of UEs with respect to the RIS on
the performance in each area, as shown in Fig. 5. The
result indicates that the WSR decreases as the
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distribution radius increases. When the distribution
radius reaches 100 meters, the proposed algorithm
performance approximates the scenario without RIS.
This is because as the radius increases, the increased
path-loss between the RIS and UE results in a weaker
reflected signal received at the UE. Hence, it makes
sense to deploy the RIS close to the UEs.
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Figure 4 WSR versus the number of reflecting
elements.
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Figure 5 WSR versus the distribution radius.

In Fig. 6, the proposed algorithm’s performance is
assessed across orbital altitudes ranging from 300 to
2000 kilometers, revealing a reduction in WSR with
ascending orbit altitudes. It is due to the increment in
orbital altitude resulting in augmented path loss for
both the direct and RIS-assisted channels. In addition,
higher orbit altitude also results in higher transmission

delay. As a result, both academia and industry are
placing great emphasis on very LEO (VLEO) satellites
as they have the potential to support the ultra-low
latency and high throughput requirements of future 6G
networks [42].

WSR (bps/Hz)
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Figure 6 WSR versus the altitude of LEO satellites
orbit.
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Figure 7 WSR versus the number of LEO satellite

antennas.

In Fig. 7, we show the effect of varying numbers of
LEO satellite antennas on performance. The WSR
demonstrates an increase with a diminishing rate as the
number of antennas rises. This trend can be attributed
to the amplified array gain and increased freedom
resulting from the augmented number of antennas on
the LEO satellite, which notably enhances the direct
channels between the satellite and UEs. However, the
WSR will not infinitely increase with the growing
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number of antennas, as there are limitations on
maximum transmit power. However, equipping more
antennas on the satellite leads to increased production
costs and heightened computational complexity in the
design of active beamforming. Hence, it is crucial to
select an optimal number of antennas that strikes a
balance between performance and the associated
production and computational costs. Furthermore, Fig.
7 also indicates that the performance improvement
achieved through optimizing passive beamforming at
RISs diminishes as the number of satellite antennas
increases. Thus, optimizing passive beamforming at
RISs becomes essential for performance enhancement,
especially when the antennas is few.

T
i Propoas: agontn

Vlincad RIS

Average rate (bps/Hz)
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Figure 8 Average rate versus the number of UEs.

Finally, we depict the influence of joint
beamforming design under different inter-satellite
cooperation Fig. 8. Here, “No
inter-satellite cooperation” denotes that there doesn’t
exist cooperation between satellites while each satellite
designs the beamforming independently. In particular,
the average rate is the result of dividing the WSR by
the number of UEs, offering a better reflection on how
the number of UEs influences system performance.

scenarios in
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The proposed algorithm surpasses the “No
inter-satellite cooperation" obviously, especially in
scenarios where the number of UEs is less. This occurs
because the proposed algorithm maximizes the
advantages derived from inter-satellite cooperation.
Through inter-satellite cooperation, the shared CSI
among satellites enables comprehensive consideration
of all UEs designing satellite
beamforming and RIS passive beamforming. Fig. 8
also demonstrates that the performance improvement
achieved by optimizing RISs under the inter-satellite
cooperation that in the no
inter-satellite cooperation scenario, highlighting the
advantage of deploying and optimizing RISs in the
inter-satellite  cooperation scenario. Furthermore,
inter-satellite cooperation enables higher capacity and
faster data transmission rates due to the ability of
satellites to exchange data with each other.

when active

scenario  exceeds

V. CONCLUSION

In this paper, we presented a RIS-assisted LEO
satellite constellation communication framework to
provide global coverage for ground UEs. By deploying
the RISs in ground areas, the signals at UEs were
significantly enhanced. To maximize the WSR of UEs
while constraining the transmit power of the satellites,
a non-convex optimization problem was formulated
and solved. In particular, the active beamforming at
satellites and the passive beamforming at RISs were
jointly optimized by making use of inter-satellite links.
Through the joint optimization of the beamforming,
the inter-satellite interference is well suppressed and
the communication quality is enhanced. Simulation
results confirmed the effectiveness of the proposed
joint beamforming design algorithm for RIS-assisted
LEO satellite constellation communications.
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A super-resolution method for thermal infrared
bidirectional sub-pixel shifted sampling mode

ZHAO Quan®, WANG Mi', XIE Guangqi?
Abstract: This paper describes in detail the principle and method of bidirectional overlapping sub-pixel shifted
sampling of the thermal infrared camera of ZY-1 02E, verifies the effect of this mode of super-resolution, and
proposes a super-resolution method that takes into account the hardware characteristics. Based on the hardware of
bidirectional overlapping sub-pixel shifted sampling, the observation equation model and maximum a posteriori
probability (MAP) method are introduced to realize the image super-resolution. The thermal infrared payload of
ZY-1 02E satellite is the first remote sensing payload in China that supports image super-resolution by means of
"bidirectional overlapping sub-pixel shifted sampling". Similar to the SPOT-5 mode, ZY-1 02E acquires 2 frames
shifted by only 0.5 pixels in the along-track direction and then 0.5 pixels in the vertical direction additionally, i.e.,
it can acquire 4 frames with half-pixel relative shifts. In this paper, we use the thermal infrared overlapping
sampling mode data of ZY-1 02E to validate and analyze super-resolution, and the experiments show that the

hardware mode of bidirectional encrypted sampling can effectively improve the resolution compared with the
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conventional imaging mode. The method proposed in this paper outperforms the bidirectional overlapping
upsampling considering only hardware characteristics and the conventional MAP super-resolution method
considering only software algorithms, respectively, and is an effective super-resolution method combining
hardware and software, and the super-resolution images obtained are visually clear and reconstruct the
high-frequency detail information of the image while maintaining a high signal-to-noise ratio.

Key words: thermal infrared remote sensing, ZY-1 02E satellite, super resolution, bidirectional overlapping

sampling, sub-pixel shifted, maximum a posteriori probability (MAP)
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