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Resource Scheduling for High-Capacity Multicast
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Abstract—Ultra-dense low earth orbit (LEO) network has been
envisioned as a promising solution to improve communication cov-
erage and reliability. In this article, we investigate the resource
scheduling for the downlink multigroup multicast cooperative
transmissions in an ultra-dense LEO network, where multiple
LEO satellites serve as aerial base stations to cooperatively offer
high-capacity multicast service for ground users (GUs) within the
coverage. To obtain the system max-min fair (MMF) capacity, we
formulate a weighted MMF downlink beamforming and subchan-
nel assignment problem. As the formulated problem is NP-hard
and non-convex, we adopt a many-to-many matching model to
solve the subchannel assignment, and apply the successive convex
approximation (SCA) coupled with Gaussian randomization and
cochannel power control to obtain the downlink beamforming
during the matching process. Furthermore, the matching algorithm
is guaranteed to converge to a two-side exchange stable match-
ing within finite iteration steps. Extensive numerical results are
provided to demonstrate the superiority and effectiveness of the
proposed resource scheduling scheme for cooperative multicast
transmissions.

Index Terms—Resource scheduling, multicast, ultra-dense LEO
networks, beamforming, subchannel assignment.

I. INTRODUCTION

OWADAYS, the ultra-dense low earth orbit (LEO) satellite
N network has attracted great attention from academia and
industry owing to its vast and seamless coverage [1], [2], [3].
In 2015, SpaceX launched the Starlink satellite constellation
project, which is composed of over 1600 satellites in mid-2021,
and will eventually extend to nearly 12,000 low Earth orbit

Manuscript received 27 February 2023; revised 6 June 2023; accepted 17
August 2023. Date of publication 6 September 2023; date of current version 13
February 2024. This work was supported in part by National Key R&D Program
of China under Grant 2020YFB 1806104, in part by Natural Science Fund for
Distinguished Young Scholars of Jiangsu Province under Grant BK20220067,
in part by National Natural Science Foundation Original Exploration Project
of China under Grant 62250004, and in part by National Natural Science
Foundation of China under Grant 62271244. The review of this article was
coordinated by Prof. Giovanni GG Giambene. (Corresponding author: Haibo
Zhou.)

Ting Ma, Xiaohan Qin, Xin Zhang, and Haibo Zhou are with the
School of Electronic Science and Engineering, Nanjing University, Nanjing
210023, China (e-mail: majiawan27 @ 163.com; xhderemail @ smail.nju.edu.cn;
zanxin @smail.nju.edu.cn; haibozhou@nju.edu.cn).

Bo Qian is with the Department of Mathematics and Theories, Peng Cheng
Laboratory, Shenzhen 518000, China (e-mail: bogian@pcl.ac.cn).

Lin X. Cai is with the Department of Electrical and Computer Engineer-
ing, Illinois Institute of Technology, Chicago, IL 60616 USA (e-mail: lin-
cai @iit.edu).

Digital Object Identifier 10.1109/TVT.2023.3312342

, Member, IEEE, Xiaohan Qin
, Graduate Student Member, IEEE, Lin X. Cai
, Senior Member, IEEE

, Student Member, IEEE,
, Senior Member, IEEE,

(LEO) satellites [4]. Hence, it is considered as a predictable
and achievable paradigm in future communication networks to
serve ground users (GUs) when the terrestrial communication
system fails to work, such as in remote multicast service or other
difficult-to-serve cases.

Recently, multicast transmission has been considered as an ef-
fective technology for the rising content-centric communication,
such as video streaming, mobile TV and music streaming [5],
[6], [7]. In content-centric communications, contents such as
popular videos and TV programs can be multicast to multiple
users to improve the transmission efficiency [6], [7], [8]. The
multicast transmission is widely used in the following appli-
cations: news/sports/stock/weather update, distance education,
teleconference, e-mail distribution, popular video distribution,
etc. In the enhanced mobile broadband (eMBB) application
of the fifth-generation (5 G) communication network, content-
centric video streaming communications will have explosive
demand. Hence, the multicast transmission has been considered
as a promising technology in the future communication network.

When GUs requesting the same content are distributed in
some rural areas or are far away from each other, the terrestrial
communication system may not be able to efficiently provide
multicast service due to the limited coverage. In these scenarios,
a LEO satellite network is a promising solution to realize multi-
cast transmissions for GUs. In an ultra-dense LEO network, there
usually exist multiple LEO satellites simultaneously covering
GUs. By employing cooperation among multiple satellites, a
larger antenna array of more antennas is created, which can
enhance the system performance [9], [10], [11]. Meanwhile, to
meet the increasing demands for high capacity, strong robustness
and low latency for communications, large-scale antenna arrays
can be utilized at LEO satellites to achieve considerable array
gains and enhance the multicast transmission performance [12].
When multiple LEO satellites equipped with multiple antennas
providing multicast services, it is challenging to coordinate
multiple antennas in different LEO satellites and implement
resource scheduling for efficient multicast transmissions.

Facing these challenges, we first study subchannel partition
for multigroup multicast cooperative transmissions in an ultra-
dense LEO network. By appropriately allocating GUs in differ-
ent subchannels, we can improve the multicast performance of
GUs [13]. Since it is the worst receiving rate that determines
the common information rate in multicast applications, we aim
at maximizing the performance of the GU with the lowest rate

0018-9545 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Nanjing University. Downloaded on March 28,2025 at 02:57:40 UTC from |IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-0316-0475
https://orcid.org/0000-0002-6964-220X
https://orcid.org/0000-0002-5199-8865
https://orcid.org/0009-0003-9288-8931
https://orcid.org/0000-0001-8509-0452
https://orcid.org/0000-0002-6549-8917
mailto:majiawan27@163.com
mailto:xhderemail@smail.nju.edu.cn
mailto:zanxin@smail.nju.edu.cn
mailto:haibozhou@nju.edu.cn
mailto:boqian@pcl.ac.cn
mailto:lincai@iit.edu
mailto:lincai@iit.edu

MA et al.: RESOURCE SCHEDULING FOR HIGH-CAPACITY MULTICAST SERVICE IN ULTRA-DENSE LEO SATELLITE NETWORKS

to narrow the rate gap among different GUs according to the
classical max-min fairness (MMF) criterion [14], [15], [16]. Be-
sides, a weighting factor is introduced to characterize the service
levels of each GU [14], [15], [16]. For the GUs of the same
service level, the weight factors are the same. In this article, we
jointly optimize the weighted MMF downlink beamforming and
subchannel assignment to maximize the minimum rate among
all GUs in an ultra-dense LEO satellite network. We propose
the subchannel assignment scheme by using a many-to-many
matching model, and adopt the successive convex approximation
(SCA) technology to obtain the beamforming vectors. Com-
pared with previous works, the novelty and contributions of this
article are highlighted as follows:

e Cooperative multigroup multicast transmission: We for-
mulate a downlink multigroup multicast cooperative trans-
mission problem in an ultra-dense LEO network, where the
weighted MMF downlink beamforming and subchannel
assignment are exploited. In this scenario, multiple LEO
satellites equipped with multiple antennas provide multi-
cast services for GUs under their coverage area.

® Many-to-many matching model based subchannel assign-
ment: We adopt a many-to-many matching model to obtain
the subchannel assignment. The matching algorithm can
efficiently assign GUs with subchannels to maximize the
lowest achievable rate among all GUs, and we show its
convergence to a two-side exchange stable matching in
finite iterations.

e SCA based downlink beamforming: In the process of
matching, by combining the SCA with Gaussian random-
ization and cochannel power control, we propose an SCA
based algorithm to efficiently obtain the downlink beam-
forming, which maximizes the performance of the GU with
the lowest rate with convergence guarantee.

The remainder of this article is organized as follows. Section I
reviews related works. Section III describes the system model of
the multigroup multicast cooperative transmission in ultra-dense
LEO networks, and formulates the weighted MMF downlink
beamforming and subchannel assignment problem. In Sections
IV and V, we provide the corresponding problem solution and
simulation results, respectively. Section VI concludes the article
and provides the future work.

II. RELATED WORKS

With the rapid development of smart mobile devices, wireless
services expanded from traditional connection centric com-
munication (e.g., telephone and e-mail, etc) to content-centric
communication. In content-centric communications, the mul-
ticast transmission is envisioned as a promising solution for
improving the system performance compared with the point-
to-point transmission. The multicast service in content-centric
communications has attracted growing interests during the last
decades. In [14], N. Sidiropoulos et al. firstly studied the mul-
ticast beamforming for a single group of users. Then, in [15],
N. Sidiropoulos et al. extended the multicast beamforming to
multiple user groups, where two NP-hard optimization problems
were formulated, i.e., minimizing transmit power under quality
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of service constraints and the power-constrained MMF problem,
which were approximately solved by semi-definite relaxation,
Gaussian randomization and the bisection method. Alterna-
tively, in [17], M. Tao et al. presented a convex-concave pro-
cedure based algorithm to attain a stationary solution. However,
when the problem scale grows, the computational complexity of
traditional methods usually increase dramatically. Hence, new
efficient beamforming algorithms need to be explored.

The multigroup multicast beamforming was developed in var-
ious scenarios, such as cloud radio access networks with wireless
backhaul [16], intelligent reflecting surface aided wireless net-
works [18], massive multi-input and multi-output (MIMO) [19]
and cloud-edge coordinated networks [20], etc. Another realistic
application is found in the multibeam satellite communication
systems [21], [22], [23]. Based on the state-of-the-art tech-
nologies in digital video broadcasting-satellite-second genera-
tion extension (DVB-S2X) of European Telecommunications
Standards Institute (ETSI) [24], each spot beam of the satellite
simultaneously serves multiple users by transmitting a single
coded frame. This promising satellite communication system
can well support the multigroup multicast transmissions, where
different beams serve different groups of users [21]. Meanwhile,
the satellite has been utilized as a complement of terrestrial
base stations to increase the coverage in the next generation
communication networks. Based on the 3 rd Generation Partner-
ship Project (3GPP) [25], satellite radio access network (RAN)
shall be supported for phase 2, and the corresponding support
defined by the 3GPP will be considered in combination with
RAN activities.

Recently, the multibeam satellite system has attracted numer-
ous attention because of its pervasive coverage, high throughput
and full frequency reuse across multiple narrow spot beams.
Vahid Joroughi et al. [22] introduced a two-stage precoding
design for multibeam multicast satellite systems, where the first
stage is minimizing the inter-beam interference and the second
stage is enhancing the intra-beam signal to interference plus
noise ratio (SINR). Araniti etal. [26] investigated the multimedia
content delivery for the emerging 5G-satellite networks. By
dividing multicast terminals into different subgroups, a radio
resource management algorithm was designed for multicast
multimedia content transmissions, which can strike a tradeoff
between user throughput and fairness. In [23], Li et al. in-
vestigated the outage constrained robust multigroup multicast
beamforming for the multi-beam satellite communication via
optimizing the outage SINR in the worst-case with full frequency
reuse. In [27], Zheng et al. proposed a generic optimization
framework for the joint multiuser linear precoding design in
the forward link of fixed multibeam satellite systems, and fur-
ther provided an iterative algorithm for the precoding vectors
and power allocation strategy. Zhu et al. [6] investigated the
downlink cooperative multigroup multicast transmissions in the
integrated terrestrial-satellite network, where terrestrial base
stations (BSs) and the satellite cooperatively offer multicast
services for GUs by reusing the entire bandwidth.

Considering the large-scale nature of ultra-dense LEO net-
works, cooperative transmission of multiple LEO satellites
can improve the transmission efficiency. In [9], by employing
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Fig. 1. Resource scheduling for multigroup multicast cooperative transmis-
sions in an ultra-dense LEO network.

cooperation between the satellites, Roper et al. created an an-
tenna array of more antennas to achieve high data rate com-
munication. Abdelsadek et al. [10] designed a cell-free massive
MIMO (CF-mMIMO) based LEO satellite network architecture
with LEO satellites divided into clusters, where the power allo-
cation and handover management is jointly optimized; In [11],
Goto et al. presented a capacity analysis of MIMO LEO com-
munication network, the BS achieves the service region through
several LEO satellites.

The aforementioned works consider a single satellite, or
use the entire bandwidth without subchannel division. In this
article, we jointly study the large-scale antenna array enabled
beamforming and subchannel assignment in an ultra-dense LEO
satellite network with spectrum reuse and performance enhance-
ment. We propose a low complexity algorithm for joint downlink
beamforming and subchannel assignment for the cooperative
multigroup multicast transmissions of multiple LEO satellites.

III. SYSTEM MODEL

In Fig. 1, we investigate the downlink multigroup multicast
cooperative high-capacity multicast transmission in ultra-dense
LEO networks. Inspired by the two-layer satellite network [28],
we introduce an medium earth orbit (MEQO) satellite which
covers these LEO satellites as a central controller to aggregate
all information of LEO satellites and GUs, and manage the
downlink multigroup multicast transmissions. The number and
specific LEO satellites associated with the MEO is determined
by positions of MEO and LEO satellites, together with the half-
sided center angle of the MEO satellite. If the distance between
the LEO and the MEO is smaller than the threshold distance
that the LEO lies in the coverage of the MEO satellite, the LEO
satellite is under the coverage of the MEO satellite. In a certain
duration, the associated links between LEO satellites and GUs
are assumed to remain unchanged, and thereby LEO satellites
can keep providing multicast for GUs within a given region
during an appointed time period. Meanwhile, owing to large
scale of ultra-dense LEO networks, several LEO satellites can
provide simultaneous coverage for GUs. By proper cooperation
among these multiple LEO satellites, they can serve GUs in a
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cooperative manner to achieve better transmission performance.
The number of LEO satellites involved in the cooperative trans-
mission is determined by the number of LEO satellites which
can simultaneously cover all GUs in a given region. When the
given region is fixed, the situation of LEO satellites covering all
GUs in the given region is unchanged during the appointed time
period, and thereby the number of LEO satellites involved in
the cooperation transmission is a constant. During a given time
period, assume that there exist L LEO satellites cooperatively
offering multicast services for a total of N GUs in their coverage.
It should be noted that, due to the mobility of LEO satellites,
after the appointed time period, if the situation of LEO satellites
covering all GUs is changed, then the cooperation only occurs
among the newest multiple LEO satellites covering all GUs, and
the resource scheduling strategy will correspondingly update.
Assuming that LEO satellite / is equipped with N; antennas,
I €{l,..., L}, then the total antenna number of LEO satellites
can be calculated as M = Y, N;. Assume that the channel
state information (CSI) can be obtained for the LEO satellites.
Then, the central controller MEO integrates all CSI via re-
ceiving CSI from LEO satellites. Since the CSI transmission
from corresponding LEO satellites to MEO is via the inter
orbital links (IOLs), the signalling latency is very small, which
is determined by the light speed. Besides, based on [29], the
position-related large-scale CSI can be obtained by satellites in
an offline manner at a low cost. For the case of obtaining CSI
offline, the delay associated with satellite communications will
not affect the performance. Accordingly, referring to [6], [30],
the perfect CSI knowledge is adopted. When the CSI changes
a lot, the resource scheduling strategy will be correspondingly
updated. In our setup, there are overall K contents that GUs
can request, and each GU is equipped with a single antenna.
Then, we partition GUs to K groups based on their requested
content. Define the GU group Gy, = {U, , ..., Uq, 1} as GUs
that request content k, where G, is denoted by the number of
GUs in Gy, i.e., Gy, = |Gk, k € {1,..., K}. In this article, we
suppose that a certain GU requests only one content at a given
time. Therefore, Gi, (\G; = 0 for k # j and Z,{,{:l GrL = N.
Important notations are listed in Table I.

When LEO satellites with a total of M antennas multicast
contents for K GU groups, each GU will simultaneously receive
the signals from M LEO satellites, which includes the desired
signal and interference signals from LEO satellites. To reduce
interference and improve the performance, the total bandwidth
By, 18 partitioned into H subchannels. GUs in the same group
will use one or multiple subchannels for the transmissions,
and one subchannel can match with multiple GU groups. Let
X = {zpn} € RE*H be the subchannel assignment matrix
with x5, = {0, 1}, where x4 = 1 means that group Gy is
served by LEO satellites over ¢, and xy, ;, = 0 otherwise. Sub-
sequently, we express the transmit signal of LEO on ¢, as

K

Ty = Zwk7hxk,h3ka (1)
k=1

where s; € C represents the transmit signal for G, satisfying
E[|sk|’] = 1, and wy, 5, € CM is the beamforming of G), over
cp. Here wy, 3, is the aggregation beamforming vector of all L
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TABLE I
MAIN NOTATIONS

Notation Description

L The number of LEO satellites

N; The number of antennas equipped with LEO [
N The number of GUs

M The total number of antennas equipped with LEO satellites
By The total bandwidth of LEO satellites
H The number of subchannels

By, Bandwidth allocated in ¢y,

K The number of GU groups (contents)
Gk Set of GUs requesting content k

Z/{i’j The 7-th GU in gk

G The number of GUs in Gy,

g Set of all K GU groups

C Set of all H subchannels

ch The h-th subchannel

gi.jh Channel gain from LEO to U; ; over ¢,
Sk Transmit signal for Gy,

Wi K Beamforming for G over cp,

X Subchannel assignment matrix

Yi g h Received signal of Uf; ; over ¢y,

i jh Additive white Gaussian noise (AWGN)
Yi,k,n Received SINR of U; ; over cp,

P Maximum power of LEO [

R; Achievable rate of U; ;

R?y j Prescribed target achievable rate of U; ;

LEO satellites with M antennas. That is, we can express wy,
aswy,p = [wy ;- ;wf ], where wj, ;, € CN' represents the
beamforming vector of LEO satellite [. Therefore, for given
aggregation beamforming vector of all LEO satellites, we can
derive the corresponding beamforming vector of LEO [

wi, ), = AW p,

where
A =[By,...,B.] €
B, =1y, By =0n,xn,, ' #1, (2

Ny xM
R

with I y, being the IV; dimensional identity matrix, and O, x v,
is a zero matrix with dimension N; x Ny.. Notice that, for GUs
requesting the same content but lying in different areas, it is
better to cover them with different beams. However, we can
combine the beamforming vectors of GUs that request the same
content. Hence, in (1), we consider only one beamforming vector
for each group using the same subchannel. Assume that the
waveforms are uncorrelated with each other, we formulate the
transmit power of LEO satellite [ as

H K
S 1Akl 3)

h=1 k=1

with A; is defined in (2).
The received signal of Uf; ; over ¢j, can be expressed as

H
Yijh = i jn®h + Mg,k “4)
K
=gH ; H
= 953 nWihTihSj + Gijih W, h Tk h Sk + Mg h,s
k=1,k#j
®)
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in which g, ; ;, denotes the M -dimensional channel vector from
LEO to U; ; over cp, and n; j;p, represents the AWGN with
variances ai ;,n- In this article, we generate the channel vector
9i.j,n as in [31], which is given by

=V Clo(ss£%67j¢b%a (6)
A

where Clpss = (m)z is the free-space path loss coefficient
with A being the wave length of transmission signal and R
being the distance between GU and LEO, £ represents the power
attenuation of the rain fading, ¢ ~ [0, 27| denotes the phase of
the antenna feeds, and b is the beam gain. According to [27], we
set each element of b as
2
3 (u )) 7 ™

Ji(u)
b= ( 2u
in which u = 2.07123sin 6/ sin 6345, 0 denotes the angle be-
tween the spot beam center and the receiver GU’s position from
the LEO satellite, 0545 is the 3-dB angle for the beam, and J;
and J3 are the first order Bessel function of first-kind and the
third order Bessel function of first-kind, respectively.

Notice that, the first term of (5) is the expected signal for I4; ;,
while the second term is the suffered inter-group co-channel
interference. Subsequently, we formulate the received SINR of
U, ; over ¢y, as

2 nlgh; pw;nl?

— .
Dkt oy Thih|GE Wk P+ 07 ),

®)

Yigh =

where o7 jn 18 the AWGN power. We can observe from (8)
that, ; 5, = 0 indicates ; j 5, = 0. By combining signals of all
subchannels, the achievable rate of I{f; ; is

H
R; :ZBhlog(l +Yijih) 9
h=1
where B;, is the bandwidth allocated to subchannel ¢; with
satisfying Z,Ijzl Bj, = Byo.

Since there exists inter-group co-channel interference in the
cooperative downlink multigroup multicast transmission, it is
of great significance to construct the optimal subchannel as-
signment X and beamforming vectors w to achieve the best
system performance. The multicast transmission performance
is determined by the lowest achievable rate among all GUs,
and thus our objective is to maximize the minimum achievable
rate of the GUs, referred to as MMF criterion in [14], [15],
[16]. Meanwhile, taking into account different service levels
for individual GU, we consider a prescribed constant weight
factor 1/ RO where RO is a predetermined target achievable
rate of GU Z/Il g Consequently, we aim at finding the optimal
subchannel assignment and beamforming design to maximize
the worst weighted achievable rate among all GUs, i.e., solving
the following weighted MMF problem

1
min min

(F)  naix LK} iell,Gy] Ro

R; ; 10
{wjn}, X je{l,.. J (10)

(10a)

.. Zij,hllAzme SL

h=1 j=1
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zjn €{0,1}, j < K, h < H, (10b)

H
Y ainz1j<K, (10c)
h=1

where IR, ; is the achievable rate of GU Uf; ; defined in (9), the
term minjeq . k) Milie(r,q,] ﬁRM in the objective func-
tion is the minimum weighted achievable rate among all GUs,
constraint (10a) represents the transmit power constraint with
A; given by (2) and P, being the maximum transmit power of
LEO [, constraint (10b) defines the subchannel selection binary
variable, and constraint (10c) implies that at least one subchannel
should be assigned to each group. It should be noted that,
since there are multiple GU groups and multiple GUs in each
GU group, the worst weighted achievable rate in problem (F)
can be presented by two minimizations. Specifically, the inner
minimization is to find the minimum weighted achievable rate
in each GU group, i.e., minie[llgj] ﬁRi7j, V j, while the outer
minimization is to find the minimum weighted achievable rate
among all groups.

When measuring the system performance, we introduce ca-
pacity of GU group Gj, and system capacity as

. 1
min

C;= min R; ;andC = min ——
J - je{l,... . K} ie[l,Gy] R?’j

ic[1,G;] w7
respectively. Via solving problem (F), we can obtain the optimal
subchannel assignment matrix X and beamforming vectors
w to maximize the system capacity with LEO satellite power
constraints, where the maximum system capacity is referred to
as the system MMF capacity.

Notice that, in the particular caseof X = [1,...,1]"and H =
1, problem (F) has been proven to be NP-hard in [ 15]. Therefore,
we can immediately deduce that Problem (F) is an NP-hard
problem, which is usually difficult to solve.

IV. ALGORITHM DESIGN FOR THE WEIGHTED MMF PROBLEM

In this section, we attempt to seek efficient solutions for the
weighted MMF problem (F), where the downlink beamforming
w and the subchannel assignment X are coupled. First, for a
fixed subchannel assignment X, we discuss how to obtain the
beamforming w with the aid of the SCA technology. Then, we
use a matching game to determine the subchannel assignment
X.

A. Multicast Beamforming Algorithm

With a fixed subchannel assignment X, we can reduce prob-
lem (F) to

1
-Fw i i 7R2 i
(Fu) s min - in P

H K
st Y Y winllAw,nlP < PL YL (1)

h=1 j=1
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By introducing an auxiliary variable ¢ > 0, problem (F,,) can
be equivalently converted to

Fuw t 12
(Fu) max (12)
1 o
s.t. RTRi’j >t Vi, g, (12a)
i,
H K
SN wnllAmwalP < PLVE (12b)
h=1 j=1

Obviously, the non-convex problem (F,,) is still NP-hard. In the
sequel, approximations will be made on R; ; to convert problem
(Fuw) to a convex programming based on the SCA technology.

To begin with, we will transform the vector variables in
problem (F,,) into matrix variables. Note that, the following
two terms in problem (F,,) can be rewritten as

[wjnl* =t (wfw;n) =t (w;pwly,)

H 2 _ H H
|95 win|” = tr (W5g, ;095 nwin)
_ H H
=1r (gi,j,hgi,j,hwj,hwj,h) ) (13)
in which tr(-) represents the trace of a matrix. For concise
presentation, we introduce the following notations,
. . KM
wp = (wl,hy"' 7wK,lz) G(C )

Wh _ whwlg c CK]\/[XK]V[’

Qijh = gijngy;, € CMM,
Qi = BIK{0,---,0,Q; 1,0, -0} € CKM*EM (14,

in which Blk{-} represents the block diagonalization, the k-th
block of Qi j,n is Qm',h, and others are M -dimensional zero
matrices. By substituting these notations in problem (), we
can obtain the equivalent problem as follows

a ¢ 15
) s 15)
1 -
S.t WRM >t Vi, J, (15a)
i\J
H
> w(CrW) < PV, (15b)
h=1
rank(W,,) =1, W, >0, Vh, (15¢)
where
3 25,11 @jii g n W)
Ri; :Z By, log <1+ 7 5.hT&5i.5.n YW b : ))
h=1 Zk=l,k7&j xk,htr(Qk;i’j’hWh)_i_gi’j,h
(16)
and

Ch,l =D {xl_’hAFerl, C. 75L’K,hA;rAl} € (CKMXKM,

with A; is given by (2).
Since the non-convex rank-1 constraint (15¢) is difficult to
handle, referring to [6], [14], [15], we first remove the rank-1
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constraint to obtain the following relaxed MMF problem

1
(Fr) {VH‘}a)}{t t a7
s.t. R— R, i = t, Vi, j, (17a)
H
Z (CraW) < P, V1, (17b)

and then recover the beamforming vector wy,. Since constraint
(17a) is still non-convex due to the nonconcavity of Ri, j» We
will further approximate Ri -
Before going on, we give the SCA result in the matrix form
based on the SCA technology of Proposition B.3 in [32].
Lemma 1: For aconvex function f(W') of matrix W, itholds

FW) = (W) + u[VF(W)H (W — W)],

where V f(-) is the first order derivative of f(-), and W is a
arbitrarily given matrix.

Now we are in position to give the following theorem about
the approximation on ]A%l -

Theorem 1: For an arbitrarily given matrix W, €
CHKMxKM 'the term R; ; in (17a) has a lower bound of

H K
R N ZBh {k)g (tl' [Z xk,th;i,j,hWh + Uijﬁ)
h=1 k=1
K
— log (tr Z CL’k,th;i,j}hWh + O‘iz)j’h>

k=1,k#j

(18)

~(log ) Y s for tt Qs (Wi — W)
tr {ZkK:l,k#j l’k,th;i,j,hWh} + U%,j,h

(19)

ifW, =W,.
2
+ ‘Tz',j,h>
h=1 k=1

Furthermore, R;_; is a concave function of Wy, and R; ; = R; ;

Proof: First, we can rewrite

H K
Ri; =Y By|log <tr lz T, h Qsijh Wh

K
2
— log (tr Z l‘k’th;i’j)hwh + Ui,j,h)] .
k=1,k#j

(20)

2
+ Uz‘,m)

K
2
E T nQrii g hWh| + 0554

k=1,k#j

Notably, for arbitrary i, j, h, functions

K

[i(W},) =log <tr [Z Th,n Qi jhWh

k=1

and

(W) = log (tr
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are concave with respect to W,. Then, on basis of Lemma 1,
for an arbitrarily given matrix W, it holds

HLWh) < o(Wh) + u[VAEW) (W, — W), (21)
where V f,(+) is the first order derivative of f>(-). With the
relationships

dlog(xz) 1 ow(AX) ¢
or oz ™ Tax A
we can deduce

K
(loge) Zk:l,kz;ﬁj Ik»th;i,j,h
K

tr| >

k=1k#j

(22)

VHW,) =
T Qi jhWh +Uz'2,j,h

> Riﬂ‘ with Ri%j defined in (19).
In particular, R; ; is concave, and we have R, ;= R; j when
W =Wy,

By substituting Ri’j in (17a) by Ri,j’ we can approximately
convert problem (F;.) to the following problem

Consequently, it holds R; ;

Fr) ma t 23
(Fr) {wfft (23)
s.t. R R >t Vi, 7, (23a)

H
Y w(CrWi) <P, YL (23b)

h=1
W, >0, Vh. (23¢)

According to Theorem 1, we can deduce that constraint (23a) is
convex. Particularly, constraint set (23a) is a convex set included
in the constraint set (17a), which implies that the optimal objec-
tive value of problem () is a lower bound of that of problem
(}A)) Obviously, problem (F,.) is convex with respect to W,.
Hence we can solve it by convex solvers such as CVX [33].
Through multiple iterations of solving problem (F,.), we can
obtain a local minimum or a saddle point of problem (]:'T) with
a feasible starting point [34].

Based on the above arguments, we obtain a solution W7, to
problem (]i'r) When the obtained solution W, h =1,..., H,
are all matrices with rank-1, itis not difficult to use the eigenvalue
decomposition to get the corresponding beamforming vector.
However, since problem (F,.) is a relaxed problem without
rank-1 constraints, the rank of derived W, is usually larger than
1. For this case, we utilize the Gaussian randomization method
presented in [14], [35], [36] to produce candidate beamforming
vectors. To be specific, via using the eigenvalue decomposition
W, =UpX hU,T, we generate the beamforming vector on sub-

channel ¢, as wy, = UhZ,’%chh, where ¢}, ~ CN (0, I) repre-
sents a vector of zero-mean, unit variance, uncorrelated Gaussian
random variables. It is straightforward to see E[w,w!] = W,.

Notice that, when generating candidate beamforming vectors
by the Gaussian randomization, the power constraint (12b) on
the beamforming vector may not be satisfied. Hence, it is possi-
ble that the satellite power is not used up or the power constraint
(12b) is not satisfied. To avoid these two cases, similar to [6],
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[14], [15], we further formulate the power scaling problem to
acquire the optimal power scaling factors p; ; on basis of the
obtained beamforming vectors, which is given by

(ﬁp) max t (24)
{pj‘h}vt
u x5 npinlgl ywyonl?
s.t. ;Bh log (1 + S mk,hpk,hg?,j,hwk,h|2+0§,j,h)
> tR; ;, Vi, j, (24a)
H K
Z Zil?j,hpj,hHAzwj,th < B, Vi, (24b)
h=1j=1
Pj.h > O: v]v h. (24C)

Problem (F},) is not convex due to the nonconvexity of constraint
(24a). Thus, we will approximately convert constraint (24a) to
a convex one in the following.

With introducing the matrix variable P = {p;;} € CK*#,
we denote

g9’ (P)

H
= ZBh log <1+
h=1

H 2
Lj,nPj,h|95 5 nWs,h
K H 2 2 ’
D ket ket j Tl hPhp |GG We [P 07 5,
(25)

It is straightforward to rewrite g/ (P) as

H K
g7 (P)= > Bulog (Z Tk PG Wkl + "f’j’h>

h=1 k=1
— 9y (P), (26)
with
- H K
géj(P)éZBh log Z T hPhh 1G5 n Wen 07 |-
h=1 k=1,k#j
(27

We can observe that, both function géj (P) and the first term
in function g\’ (P) are concave with respect to P, but g/ (P)
is not a concave function. Therefore, we provide the following
theorem to approximately transform the nonconcave function
gy (P) into a concave one.

Theorem 2: Function ¢!/ (P) in (25) is lower bounded by

H K
37(P)=Y_Bjlog (Z Tk hPk,h IG5 j Wk b+ 0?,]-,;1)

h=1 k=1
— g5 (P) —u[Vgy (P)"(P — P)], (28)

where P = {p; ,} € CE* is an arbitrarily given matrix with
Din = 0, gy (P) is defined by (27), and Vg,’ (P) is the deriva-
tive of g5’ (P) at P with its (m, n)-th element being

[V (P)](m,n)
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ifm =3,
(29)

Bnmm,nlg?,j,nwm,nlz

{0,
17 —
D ket ktg xk,npk-,n|9?,j‘nwk,n‘2+‘7$,j‘n

, otherwise.

Furthermore, §’ (P) is concave withrespect to P,and §’ (P) =
g (P)if P = P.

Proof: According to Lemma 1, we derive an upper bound of
the concave function g’ (P) as

9y (P) < g (P) + ur[Vgy (P)"(P — P)],  (30)

where P = {p; 5} is a given matrix, and Vg’ (P) is the deriva-
tive of g3/ (P) at P. Meanwhile, the equality holds in (30) if
P=P.

By using the relationship

ij
(V3 (P))m,m) = 2220,

we can obtain the expression of Vgy’ (P) as in (29). By com-
bining (30) with the definition of g’ (P) in (26), it yields that
g7 (P) > g/’ (P) with g/ (P) defined in (28). Meanwhile, it
is straightforward to see that i’ (P) is concave, and g’ (P) =
g/ (P) when P = P. |

Replacing g/ (P) by g7 (P) in constraint (24a) of problem
(fp), we turn to solve the following approximate problem

F,) max t 31
() max 3D
st gy (P) > tR) . Vi, j, (31a)

H K
SN winpinllAiw;nl? < P, VI (3lb)

h=1 j=1
pj,h > O; v]a h’a (31C)

where gfj (P) is defined in (28). Obviously, constraint set (31a)
is a convex set, and it is a subset of constraint set (24a). Thus,
problem (F,) is a lowered bounded by problem (F,,) in terms
of the optimal objective value. We regard the optimal solution
to problem (F,,) as the approximate solution of problem (F,).
It is worth noting that, problem (F,,) is convex with respect
to P, and thereby can be easily solved by CVX toolbox [33].
Meanwhile, iteratively solving problem (F,) multiple times can
obtain a saddle point or a local minimum of problem (f'p) with
a feasible starting point [34].

Based on the above analyses, for a set of candidate beam-
forming vectors produced from W, by Gaussian randomiza-
tion method, the power scaling factors p;; can be derived
by solving problem (]:"p), and compute scaled beamforming
vectors /Pj pWj,p as the final solution. Particularly, we can
implement the Gaussian randomization method multiple times
to generate multiple sets of candidate beamforming vectors,
obtain corresponding power scaling factors p;; for each set
of candidate beamforming vectors, and select the optimal set of
scaled beamforming vectors with the largest objective function
value. In summary, the corresponding beamforming algorithm

is shown in Algorithm 1.
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Algorithm 1 Multicast Beamforming Algorithm:

Input:Initial WY initial P°, maximum transmit power P
of LEO [, prescribed threshold €, p = 0.
Output:Beamforming vectors wj .

l: repeat
2:  Obtain WZH by solving problem (F,.) with given
matrix W ;

3: Letp=p+1;
4: until The difference between objective function values
of problem (F,.) in two steps is within e.
5:Let W), = WH.
6: if rank(W,) =1 then
7:  Use the eigenvalue decomposition to obtain w j.
8: else
9: Apply the Gaussian randomization to produce
candidate beamforming w; j, from W,.
10: repeat
11:  Obtain PPt = {ﬁgzl} by solving problem (F},)
with given P?;
12: Letp=p+1;
13: until The difference between objective function values
of problem (F},) in two steps is within e.
14: Let P = Pr,ie.,pj = ﬁje’h, Yg, h.
15: Compute scaled beamforming vectors
wj n = \/Pj,nWj,p as the final solution.
16: end if

For the proposed Algorithm 1, its computational
complexity mainly relies on solving convex problem
(Fr) and convex problem (F,). For solving problem
(F.), there are K2 M?+ 1 variables. By employing a
primal-dual interior point method to solve problem (F,),
the computation complexity is O((K? M? 4 1)3 log(e;!)) with
€1 being the accepted duality gap. Similarly, for solving convex
problem (), itinvolves K'H + 1 variables. By also employing
a primal-dual interior point method, the corresponding
computation complexity is O((KH + 1)*log(e, ")) with
€, being the accepted duality gap. Therefore, the total
computational complexity of Algorithm 1 is formulated as

O (K202 + 1) 10g () ) +O((KH + 1)’ log (") )
(32)

B. Subchannel Assignment Algorithm

Section IV-A has shown solving beamforming vector w with
fixed subchannel assignment strategy X . This subsection will
show how to utilize the matching game to acquire the desirable
subchannel assignment scheme X.

To obtain the optimal subchannel assignment, it is straight-
forward to traverse all possible subchannel assignment schemes.
However, itis not feasible in practice due to the high computation
complexity. Nevertheless, we can formulate the binary subchan-
nel assignment matrix X as a solution to a matching model.
Particularly, one subchannel can match with several GU groups,
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while one GU group can occupy several subchannels. As aresult,
the subchannel assignment can be considered as a many-to-many
matching game. On the other hand, according to the expression
of the achievable rate in (9), GUs on the same subchannel will
cause signal interference among them. Thus, the achievable
rate of a GU is affected by not only the subchannels that are
matched with, but also other GUs sharing the same subchannel.
Therefore, the subchannel assignment problem is considered as
a many-to-many matching game with peer effects [37], [38].

By partitioning the optimizations of subchannel assignment
X and downlink beamforming w, we first equivalently rewrite
problem (F) as follows

: : 1
() s (?J?i‘je{???m S RR> >

H K
S.t. Zij,hﬂAle,th < Pl, Vl,

(33a)
h=1j=1
xj,h € {07 1}a V], ha (33b)
H
> ain =1,V (33¢)
h=1

Recall that, constraint (33c) implies that at least one subchannel
should be assigned to each group.

Denoting G = {Gy,...,Gxk} as the set of K GU groups and
C ={ecy,...,ch} as the set of H subchannels, let C and G be
player sets of the subchannel-GU group matching game, we can
view the binary subchannel assignment matrix X as a solution
to this matching problem. Referring to [39], we first give the
following definition for integrity and clarity.

Definition 1: A mapping p is a many-to-many matching if
C — @ satisfies:

e for arbitrary g € G, u(c) C G,

e for arbitrary ¢ € C, pu(g) C C,

® g < u(c) only when ¢ € pu(g),

in which u(g) denotes occupied subchannels by GU group
g, and p(c) is the set of GU groups on subchannel ¢ under the
matching .

Each group can choose multiple subchannels in C as the
communication media, and each subchannel can match with a
subset of GU groups in G. In our setup, we aim at maximizing the
system capacity. Hence, the criterion of preference list for one
group is based on the received power from every subchannel.
Especially, with the channel gain of U; ; over ¢, being g; ; n,
the lowest received power in group Gy, over subchannel ¢;, is
given by min;e(1 ¢, [|gs,5,nw ;.1 ||*. The preference list criterion
for subchannel c is based on the total benefit of the system, i.e.,
the system capacity. That is to say, the overall system benefit is
expressed as

. . 1
min  min

Bft = RO
je{l,...,K} ie[1,G4] R?,j

R ;, (34)

where R; ; is calculated as (9) withinvolved beamforming vector
w is solved by Algorithm 1. Then, when g selects ¢, subchannel
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c will accept the selection only when the system performance,
i.e., system benefit Bft in (34), will be enhanced.

According to [37], [38], [39], a stable solution is envisioned
as the desirable solution for the mapping problem, where there
are no unmatched players and all of them have a preference to
become partners. However, due to the large amount of players
in C UG, it poses difficulties in finding the stable partners for
each player. Similar to [39], to characterize the stability of the
solution to the subchannel-GU group matching problem, we give
the definition of pair-wise stable in Definition 2, before which
the following two notations are introduced. For a given ccec,
we denote C, (é ) C ¢ by the set that is preferred by g to occupy;
Likewise, for a given G C G, we define QC(G ) C G as the set that
wish to occupy c. For a GU group g € G, with two given subsets
of C being ' and Q”, we define ' > Q" as the meaning that
subchannels in £ are more preferred than Q” by g¢; Similarly,
for a subchannel ¢ € C and two subsets ©',0” C G, ©' - ©”
means that c is preferred to be assigned to groups in ©’ than ©”.

Definition 2: A matching relation p is said to be pair-wise sta-
ble if there exists no (¢, g) with ¢ ¢ p(g) and g ¢ p(c) satisfying
{c'} > u(g) and {g'} > p(c) for arbitrary ¢’ € Cy(p(g) U {c})
and arbitrary ¢’ € G.(u(c) U {g}).

For the many-to-many matching model, the pair-wise stability
is a significant property, and we thereby seek the solution with
pair-wise stability [37], [38], [39]. Through letting each player
(i.e., subchannel or GU group) select its partner successively one
by one from the opposite set instead of a subset, we can obtain a
solution with pair-wise stability [39]. Accordingly, we propose
Algorithm 2 to realize choosing the partner one by one for each
player.

Remark 1: For one player (GU group or subchannel), its
rejected partner during a certain intermediate process is possible
to be accepted in later iterations. For instance, subchannel ¢ € C
is not allocated to GU group g € G at the [-th iteration, but
both ¢ € u(g) and g € u(c) are possible to hold true at the I’-th
(I' > 1) iteration.

The following theorem shows the convergence property for
Algorithm 2 according to [39].

Theorem 3: Algorithm 2 can reach a pair-wise stable solution
to the subchannel-GU group matching problem within a finite
number of iterations.

Proof: We first prove that Algorithm 2 is convergent to a
pair-wise stable solution by contradiction.

We assume that the final matching p obtained by Algorithm
2 is not pair-wise stable. Then, according to Definition 2, there
exist a GU group ¢ and a subchannel ¢ with ¢ ¢ p(g) and g ¢
w(c) such that both {¢'} > 1(g) and {¢'} > p(c) hold true with
€ Cy(u(g)U{c}) and ¢’ € Go(uu(c) U {g}). Since we have
{g'} = p(c), GU group ¢’ selects subchannel ¢ to match with
in some earlier iteration. Note that, both ¢ ¢ p(g) and g ¢ u(c)
hold true. Thus, either subchannel c had some better preference
compared with GU group g and rejected group g, or accepted
GU group g and then made a replacement with a certain other
GU group in the latter iteration at the proposal time of group g.
Then, we have the relationship that ¢’ ¢ C.(u(c) U {g}), which
leads to a contradiction. Hence, matching relation p is pair-wise
stable.
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Algorithm 2 Subchannel Assignment Algorithm Using
Many-to-Many Matching Model.

Input: Subchannel set C, GU group set G, G. = () with
Ve e C,Qy =0 withVg € G.
Output: Subchannel assignment X *.
1: Produce the preference list of GU group G; € G, i.e.,
{miniepn ;) llgi. 0%}
2:forite =1,..., Itega, do
3: forj=1,...,Kdo
4: Represent GU group G; as g, and let ¢ be the optimal
unassigned subchannel in preference list of g.
5:  Letstrategy set S = (), Sy = 0, and throughput set

T =0.

6: Create a replacement strategy s: replacing ¢’ € G,
by g, and adding sto S.

7: Construct an addition strategy s: inserting g to G,

and adding s to S.
8: for s € S do

9: Update affected subchannel set C’ for strategy s.

10: V¢ € ', use Algorithm 1 to solve beamforming
vectors, and compute Bft by (34).

11: if Bft is better than benefit of C’ without
implementing s then

12: Add s to Sy and insert Bft to 7.

13: end if

14: end for

15: Let Spest = arg maxges, 7 -

16: if sp.s: 1S a replacement strategy then

17: Ge = (9e/{9'}) U{g}, Qg = Qg /{c} and
Qg = Q4 U {c}, thatis, ¢’ is the to-be-replaced
group and g is the new group on subchannel c.

18: Use Algorithm 1 to solve beamforming vectors.
19: Update preference lists of g and ¢'.

20: else

21: Ge=G.U{g}and Q, = QU {c}.

22: Use Algorithm 1 to solve beamforming vectors.
23: Update preference list of g.

24: end if

25: Terminate if sp.s¢ 1S empty.

26: end for

27: Terminate if there is no further change in Bft.
28: end for

In the sequel, we will show that Algorithm 2 will converge in
finite iterations.

First, no matter whether a minimization problem is convex
or not, its global or local optimum solution admits a nature of
convexity. In Algorithm 2, each accepted strategy can improve
the system performance compared with the previous choices.
Through addition and substitution strategies, we propose pos-
sible operations for the tagged group and its most preferred
subchannel. The tagged group is added to the most preferred
subchannel or replaces an existing group matched with the
subchannel if and only if the system performance is improved
by this operation. Hence, in each iteration, when the system
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performance is improved, the process goes towards the conver-
gence state gradually, since the solution always exists in the
finite domain. u

Based on Theorem 3, Algorithm 2 can obtain a pair-wise sta-
ble solution to the subchannel-GU group many to many mapping
problem. Finally, we give the result about the computational
complexity of Algorithm 2. According to [39], the outer two
loops of the algorithm admit a polyhedral time complexity,
which can be represented by O(K ' H) with ¢, and ¢, being
constants. It is significantly less compared to the brute-force
searching with the computation complexity O(25H). Inside
these loops, for a given subchannel assignment strategy, the
computation complexity of computing benefit is regarded as
that of Algorithm 1, which is O((K? M2+ 1) log(e; ")) +
O((KH +1)*log(e, ')). Therefore, the overall computation
complexity is

O (K“H*(K*M?*+ 1)’ log(e; "))

+ O (K“H®(KH +1)’log(, ")), (35)

which implies that Algorithm 2 admits a polynomial computa-
tion complexity.

It is worth noting that, the computation of the subchannel
assignment and downlink beamforming scheme by Algorithm 2
can be placed in the central controller MEO satellite. When
the MEO finishes the computation process, it first conveys the
obtained subchannel assignment and downlink beamforming
strategy to corresponding LEO satellites. After LEO satellites
received the resource scheduling signalling, each LEO transmits
its multicast contents to GUs where the contents are pre-relayed
via the nearest satellite Earth stations and on-board routing. Note
that, due to the short latency of signalling transmission, these
LEO satellites can almost synchronously receive the signalling
messages and multicast contents to GUs.

V. NUMERICAL SIMULATIONS

In the simulation section, we present numerical results to
demonstrate the validity of the proposed subchannel assignment
and beamforming design for multigroup multicast cooperative
transmissions in ultra-dense LEO networks.

Assume that the SpaceX V-band non-geostationary orbit
satellite system, consisting of two sub-constellations with a total
of 11927 LEO satellites, provides downlink multicast services
for GUs distributed in the west area of China. According to the
SpaceX satellite constellations, during a certain time period, a
total of L = 5 LEO satellites are available to cover the western
area simultaneously, and these L LEO satellites are at the height
of around 1200 km. We adopt the same values for the remaining
parameters of LEO satellites as presented in [27] and [30], which
are listed in Table II. The LEO satellites use Ka frequency
band to serve GUs with total bandwidth of By, over H =5
subchannels, and the total frequency band is divided into H
subchannels, with each subchannel having an equal bandwidth
of By, = By /H. Correspondingly, the power of the AWGN is
given by 0227 ., = BrNo, where Ny denotes the power spectral
density of the AWGN. In our setup, there are overall K =3
contents for GUs with predefined-locations in the west area to
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TABLE I
MAIN SIMULATION PARAMETERS
Parameter Value
Total available bandwidth for the LEO satellites By, 500 MHz
Frequency band (Ka) 20 GHz
AWGN power spectral density No -174 dBm/Hz

Power attenuation of the rain fading & 1
3dB angle 634p 0.2°
Threshold in Algorithms 1: € 10—2

request, and thus these GUs are divided into K = 3 groups
based on their requested contents. Meanwhile, assume each
GU group has G, = G = 3 GUs. Then, the total amount of
GUs is N = GK = 9. Moreover, assume that two antennas
are equipped on one LEO satellite, while the others have one
antenna, resulting in a total of M = 6 antennas. The maximum
transmit power of each LEO satellite is set to P; = Ppax = 50
dBm, [ =1,..., L. The predetermined target achievable rate
is set to R(Z-’J =1 by default. We set other main simulation
parameters as in Table II.

To evaluate the effectiveness of the proposed approach (re-
ferred to as “SCA + Matching”), we will compare it with
two benchmark approaches, which are respectively named as
“MRT + Best” and “SCA + Random”, respectively. For MRT
+ Best approach, each GU group directly picks the subchannel
where the lowest received power (i.e., min;e(i ;) [|gij,nl/*) is
maximized, the beamforming is obtained using the maximum
ratio transmission (MRT) method [40], which can be represented
as

Loy .
o _ ave Av]ah

= LI 36
Wik =V AT, G0

where v = gi,jh, f0o = argmax; | g; jxl* and P =
Prax/(Hy N jh) with N Jh representing the amount of GU groups
occupying cp,, while Hy denotes the total number of occupied
subchannels. In the SCA 4 Random approach, the binary sub-
channel assignment X is generated in a random manner, and
the beamforming scheme is yield using Algorithm 1 with the
given random subchannel assignment matrix. Particularly, for
the SCA + Random method, we randomly produce X 20 times
to obtain the average system performance. Using the specified
downlink beamforming and subchannel assignment, we calcu-
late the capacity of G; and the system capacity as follows:
: : 1
min min

C; = min R;;and C = ——R;;,
J e 3 an je{l,. K} i€[l,G;] R?’j 7

i€[1,G}]
and the maximum system capacity obtained by derived downlink
beamforming and subchannel assignment of a certain method is
referred to the system MMF capacity. The approach with higher
system MMF capacity admits better performance.

First, we demonstrate the convergence of the proposed
SCA+Matching method. Fig. 2 displays the MMF system capac-
ity as the outer-most loop iterations increase for three scenarios
of H = {3,4,5}. As shown in Fig. 2, it can be observed that,
system MMF capacity increases with iterations before reaching
the convergence point, and the convergence is reached in finite
iterations in all cases, which is coincident with Theorem 3. We
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Fig.3. Subchannel assignment diagram with K =3, H = 5.

can observe that, the iteration number is nondecreasing with
the increase of H. Meanwhile, Fig. 2 shows that, a larger H
leads to a better system capacity, since more subchannels can
reduce inter-group interferences.

The subchannel assignment for the case of X' = 3 GU groups
and H = 5 subchannels is shown in Fig. 3. Although GUs in one
group may be distributed in different locations in practice, their
subchannel assignments are the same, and thus we plot each GU
group as a whole in Fig. 3 for clarification. As shown in Fig. 3,
GU group 1 is served by subchannel 2, subchannel 3 and 5, GU
group 2 is matched with subchannel 3 and 4, while subchannel
1, 4 and 5 are allocated to GU group 3. We can see that all
subchannels are assigned uniformly, which is also coincident
with the intuition.

In the sequel, we will show the effectiveness of the proposed
SCA+Matching approach and how the involved parameters will
affect the system MMF capacity.

1) Comparison of Different Group Number K: We evaluate
the proposed SCA+Matching method for K = {2,3,4,5, 6},
where other parameters are set as aforementioned. It can be ob-
served from Fig. 4, the proposed SCA+Matching approach out-
performs both MRT+Best and SCA+Random approaches. Addi-
tionally, the system MMF capacities of all approaches decrease
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with the increase of K. In particular, for the SCA+Matching
method, when K increases from 2 to 6, the system MMF
capacity decreases continuously by approximately 75%. The
performance degradation is explained by an increase in inter-
group interference caused by the addition of GU groups.

2) Comparison of Different Group Size G: Similarly, with the
other parameters set as aforementioned, we consider different
GU group size for cases of G = {2,3,4,5,6}. As shown in
Fig. 5, the proposed SCA+Matching approach admits the best
performance compared with MRT+Best and SCA+Random in
all cases. Furthermore, in the five cases, the system MMF capaci-
ties decrease with increasing G. For the SCA+Matching method,
the system MMF capacity decreases by about 64% as the GU
group size varies from 2 to 6, due to inter-group interference. It
can be seen that the decrease in system MMF capacity in Fig. 5
is smaller than that in Fig. 4, which is because the inter-group
interference caused by increasing the GU group size is less than
that caused by increasing the GU group number. Combining
Figs. 4 and 5, we observe that the system performance falls
rapidly when the GU number exceeds antenna number.
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3) Comparison of Different LEO Satellite Antennas M : For
these L = 5 LEO satellites simultaneously covering the west
area, when the antenna number of each LEO varies from one
to two, the overall antenna number M has six cases, i.e., M =
{5,6,7,8,9,10}. For these six cases, we display the system
MMF capacities of all three approaches in Fig. 6, where the
proposed SCA+Matching approach performs the best. With
increasing antenna number M, the system MMF capacities of
all approaches admit an increase trend. This is due to the fact that
more LEO antennas provide more degrees of freedom, which can
mitigate inter-group interference. Therefore, for a large number
of GUs, a larger number of antennas should be used to achieve
high system MMF capacity.

4) Comparison of Different Maximum Transmission Power
Ppax: Fig. 7 presents a comparison of the system perfor-
mances among the three approaches for 7 cases of Pyax =
{40,42.5,45,47.5,50,52.5,55} dBm. It can be observed that
SCA+Matching performs better than the other two methods.
Additionally, as P, .« increases, all of the three methods have an
increasing trend in the system MMF capacity. This is attributed
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to higher achievable rate of each GU for a larger P,,,x, which
promotes the system MMF capacity accordingly.

5) Comparison of Different Target Achievable Rate ng i
We consider a scenario with fixed parameters K =3, H =5,
M = 6 and G = 4. Notably, the system MMF capacity only
relies on the relative values of R?, ; when other parameters are
fixed. With a given number 7, the target achievable rates of GUs
are correspondingly set to: (1) For GUsin GU group 1, R?yl =1;
(2) for half of the GUs in GU group 2, R} , = RJ , = 1, and for
the remaining GUs in GU group 2, R}, = R, = r%; (3) for
GUsinGU group 3, R ; = r°. InFig. 8, we illustrate the system
MMEF capacities for 9 cases of parameter r° associated with the
target achievable rate, i.e., 7’ = {1,1.5,2,2.5,3,3.5,4,4.5,5}.
As can be seen, the system MMF capacity increases with 7,
and the SCA+Matching method exhibits the best system perfor-
mance among these three methods. This trend coincides with the
intuition, because larger r° leads to the fact that GUs with higher
target achievable rates will occupy more resources, which will
reduce the lowest achievable rate of all GUs. Since the lowest
achievable rate among all GUs determines the system MMF
capacity, a larger 7° leads to a lower system MMF capacity.

In Fig. 9, we illustrate the capacity of each GU group for 0 =
{1,2,3,4,5}, where GU group 1 and GU group 3 respectively
have the lowest and highest target achievable rates. As shown
in Fig. 9, GU group 3 has the highest MMF capacity while GU
group 1 has the lowest MMF capacity. Meanwhile, in Fig. 9, as
r? increases, the capacities of GU group 2 and 3 increase while
the capacity of GU group 1 decreases. As more resources will be
allocated to the groups with a higher target achievable rate, i.e.,
GU group 2 and 3, the MMF capacity of GU group 1 decreases
accordingly.

VI. CONCLUSION AND FUTURE WORK

In this article, we have investigated the multigroup multicast
cooperative transmissions in an ultra-dense LEO network, where
GUs require different contents. To maximize the system MMF
capacity, we have proposed an efficient iterative algorithm that
employs the SCA and matching game technologies to jointly
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optimize the beamforming design and subchannel assignment
matrix. Simulation results have shown that the proposed method
outperforms benchmark methods in terms of system MMF ca-
pacity. This work has the potential to offer valuable directives
for multigroup multicast cooperative transmission in ultra-dense
LEO networks. In the future work, we will consider the multi-
group multicast transmissions for a space-air-ground integrated
network where LEO satellites combined with terrestrial BSs
and aerial platforms cooperatively provide multicast service for
GUs, and we will also consider the case with imperfect CSI to
reduce the impact of the propagation delay on CSI.
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