16648

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 11, NOVEMBER 2024

Joint Two-Tier User Association and
Resource Management for Integrated
Satellite-Terrestrial Networks

Hung Nguyen-Kha™, Graduate Student Member, IEEE, Vu Nguyen Ha™, Senior Member, IEEE,
Eva Lagunas™, Senior Member, IEEE, Symeon Chatzinotas ™, Fellow, IEEE,
and Joel Grotz*“, Senior Member, IEEE

Abstract— This paper investigates the uplink transmission
of an integrated satellite-terrestrial network, wherein the low-
earth-orbit (LEO) satellites provide backhaul services to isolated
cellular base stations (BSs) for forwarding mobile user (UE) data
to the core network. In this integrated system, the high mobility
of LEO satellites (LEOSats) introduces significant challenges
in managing radio resource allocation (RA), as well as the
associations between UEs, BSs, and LEOSats for supporting
users’ demands efficiently, while also dynamically balancing the
capacity of UE-BS access and BS-LEO backhaul links. Regarding
these critical issues, the paper aims to jointly optimize the
two-tier UE-BS and BS-LEOSat association, sub-channel assign-
ment, bandwidth allocation, and power control to meet users’
demands in the shortest transmission time. This optimization
problem, however, falls into the category of mixed-integer non-
convex programming, making it very challenging and requiring
advanced solution techniques to find optimal solutions. To tackle
this complex problem efficiently, we first develop an iterative
centralized algorithm by utilizing convex approximation and
compressed-sensing-based methods to deal with binary variables.
Furthermore, for practical implementation and to offload com-
putation from the central processing node, we propose a Dec-Alg
that can be implemented in parallel at local controllers and
achieve efficient solutions. Numerical results are also illustrated to
strengthen the effectiveness of our proposed algorithms compared
to traditional greedy and benchmark algorithms.

Index Terms—LEO constellation, integrated satellite-
terrestrial networks, resource allocation, user association.

I. INTRODUCTION

ECENT years have witnessed a rapid development of
terrestrial networks (TNs), marked by an increase in
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the number of connected devices, and the expansion of
services and applications. This evolution necessitates the
next-generation wireless communication networks be capable
to meet the growth in cellular traffic demand and to satisfy
various service requirements such as massive connectivity,
seamless connectivity, and high reliability across global cov-
erage [2], [3], [4], [5], [6]. In response to these pressing
demands, TN infrastructure providers are compelled to deploy
an increased number of BSs to enlarge network coverage
and capacity. However, this solution poses considerable chal-
lenges, mainly due to the prohibitive costs associated with
implementing backhaul links connecting these BSs to the
core network [7]. It becomes more critical for the rural
regions, suburban areas, mountainous terrains, and oceanic
expanses due to the low economic efficiency [8]. To overcome
these challenges, integrating satellites with cellular systems to
establish integrated satellite-terrestrial networks (ISTNs) has
been considered as a promising solution for future global
connectivity [2], [9], [10], [11].

Previously, the satellite-based connection was consid-
ered a last resort for cellular backhaul due to band-
width limitations and high costs; however, advancements
in the satellite industry, particularly non-geostationary satel-
lite constellations and ground segment innovations, have
transformed satellite backhaul into a key solution, not
only extending the mobile network coverage but also sup-
porting high-quality broadband connectivity. Compared to
geostationary (GEO) and medium-earth-orbit (MEO) sys-
tems, LEOSat constellations (including the very-low-earth-
orbit) demonstrate additional benefits for certain applica-
tions when connecting the terrestrial BSs to the core
network [12]. In particular, their lower altitude ensures lower
latency in data transmission which is suitable for applications
requiring near-real-time communication [13], [14]. In addition,
the lower altitudes which are equivalent to the higher channel
gains, also make LEOSats to be capable of supporting high
data rate transmissions [13].

Despite the substantial advantages of global coverage,
higher channel gain, and low transmission latency, the inte-
gration of LEOSats and TNs also poses significant challenges
in dynamic network management. Specifically, the inherent
high mobility of LEOSats requires novel dynamic associ-
ation strategies to establish stable two-hop links between
UEs, BSs, and LEOSats. In addition, the RA mechanism
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should be designed carefully to maintain user traffic demands
while dynamically balancing the capacity of UE-BS access
and BS-LEO backhaul links. The novel design should be
well developed to ensure seamless handovers, manage power
control, and mitigate cross-interference among all terrestrial
access points [9], [10]. Hence, jointly optimizing the trans-
mission and association strategies for LEO-based ISTNs has
raised an important and challenging research topic.

A. Related Works

Recently, developing novel RA mechanisms for the ISTNs
and user selection problems have received significant attention
in research works [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25]. Particularly, the authors in [15] stud-
ied the service pricing and user selection problem, wherein
evolutionary game-based framework is proposed to solve the
user-computation provider association problem under the com-
putation requirement of users. In [16] a LEOSat is deployed to
assist the TNs for cache offloading, wherein power allocation,
cache placement, and offloading decisions are optimized for
energy-efficient maximization. However, only one LEOSat is
considered in this work. The authors in [17] have proposed
a frequency-reuse-based bandwidth-sharing solution for the
ISTNs to extend the coverage area. In this scheme, each
satellite beam uses a specific frequency while the terrestrial
cells in its coverage reuse the frequency bands from other
beams, however, only power and bandwidth allocation are
optimized. In [18], the authors considered an ISTN supporting
IoT uplink transmission. The transmission process consists
of two hops, e.g., IoT devices to the central earth stations
(CETs) and from CETs to the LEOSat. This work aimed to
optimize the RA to minimize the completion time of each hop
separately. However, the work in [18] solely addressed the
one-tier LEO-BS associations, yet it is essential to consider
the end-to-end UE-BS-LEO performance comprehensively.
In particular, the user data is transmitted through two hops,
i.e., UE-BS-LEOSat, and the aggregated data throughputs at
each BS and LEOSat are limited by the backhaul link capacity
and bandwidth limitation. Therefore, one must optimize the
RA for both UE-BS access and backhaul links and manage
the two-tier UE-BS-LEO associations regarding the dynamics
of satellite movements to balance the traffic at each BS and
LEOSat and improve the end-to-end performance of an ISTN.

As a result, different two-tier association and RA solutions
for the ISTNs have been studied in recent works [19], [20],
[21], [22], [23], [24]. In [19], a novel joint offloading and
user association solution was designed to maximize the total
transmission rate for ISTNs supporting a disaster area that
consists of a number of high-altitude-platforms (HAPs) and
one LEOSat. In [20], a random access service for UEs in an
ISTN is studied wherein every UE can choose either the BS
or the LEOSat to associate with for data transmission. In this
work, UE-BS association, bandwidth, and power allocation
are optimized separately for maximizing the transmission rate
of the UEs. Note that only one LEOSat is considered in
the systems of [19] and [20]. Next, the ISTNs with multiple
LEOSats were considered in [21] and [22]. Specifically, [21]
aimed to maximize the sum rate and also the number of served
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TABLE I
SUMMARY OF WORKS
‘Works Model Sat. Objective function | QoS 2T | SA | TN | NTN| BWA|
| Yo | onl Meclve | ™
Ref. [19]] Snapshot | 1 Max sum-rate Rate- v X X X X
threshold
Ref. [20]] Snapshot | 1 Max sum-rate Rate- v X v X v
threshold
Ref. [21]| Snapshot | Multiple Max-rate & num- | None v |V X v v
ber of served UEs
Ref. [22]| Snapshot | Multiple Achieve the rev- | None v X X X 4
enue equilibrium
Ref. [24] Snapshot | Multiple Min number of | Global v X X X X
used satellites coverage
Ref. [25]] Window- | Multiple Max sum-rate None v X X v X
based
Our Window- | Multiple Min completion | User de- | v/ v v v v
work based time mand
SA: Sub-channel assignment TN PC: Power control in TNs 2T UA: Two-tier user association
NTN PC: Power control in NTNs  BWA: Bandwidth allocation

UEs in an ISTN wherein the LEOSats provide the backhaul
access service to TNs including a macro cell and several small
cell BSs. To obtain the solution to this multiple-object opti-
mization problem, two matching algorithms were proposed.
In a different approaching way, the authors in [22] discussed
how two network operators, i.e, satellite operator (SO) and
terrestrial operator (TO), cooperate to provide the radio access
services to a set of users effectively. To do so, a Stackelberg
game was formulated based on which the user association,
bandwidth allocation, and service price are optimized so that
the revenue equilibrium can be achieved. However, it is worth
noting that the transmit power has been kept unchanged and
not optimized in both [21], [22]. Furthermore, all [19], [20],
[21], [22] only focused on RA frameworks for the snapshot
model at a specific time where the system dynamic has
not been investigated. Particularly, the high mobility of the
LEOSats leads to the dynamic of the system, especially the
variance of backhaul link capacity between BSs and LEOSats.
Therefore, the window-based model should be considered,
where the system is considered within subsequent windows
of time, capturing the dynamics of the systems.
Subsequently, the window-based model regarding LEOSat’s
movement within a number of time slots has been studied
to develop dynamic RA mechanisms for the ISTNs in [23],
[24], and [25]. The authors in [23] and [24] discussed how
the LEOSats use Ka-band to provide the backhaul link to
TNs proficiently. A three-dimensional LEO constellation opti-
mization algorithm was proposed to minimize the number of
satellites under the seamless coverage and backhaul capac-
ity requirements over time windows. However, these works
were analyzed without considering the RA at the UE-BS
tier. Dai et al. [25] proposed two dynamic window-based
greedy algorithms which handily address the user association
and enlarge the coverage areas while maximizing the total
network capacity. In this work, multiple frequency access and
users’ demand have been not considered. To the best of our
knowledge, the joint design of two-tier UE-BS-LEO asso-
ciation, sub-channel assignment, bandwidth allocation, and
power control for ISTNs over time regarding the user demand
and limited-backhaul constraints have not been thoroughly
studied in the literature. Specifically, different design aspects
of the existing frameworks studying two-tier UE-BS-LEO are
summarized in Table I. That motivates us to fill the gap in this

paper.
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B. Research Contributions

In this work, we study a time-window-based two-tier asso-
ciation and RA framework for the ISTNs. The data from UEs
are forwarded to the LEO constellation systems through a
two-hop transmission including terrestrial access links UE-BS
and backhaul links BS-LEOSat. Regarding the quality of
experience at UEs in terms of the data delivery time, this work
aims to minimize the duration required to transfer all UEs’
data to the LEO constellation. In this system, the technical
issues encompassing UE-BS and BS-LEO associations, sub-
channel allocation, transmission power control, and bandwidth
management are carefully addressed and designed to ensure
optimal operation. The main contributions of this work can be
summarized as follows:

« We study the window-based two-hop transmission model
for LEO-based ISTNs under a practical system archi-
tecture, which features the dynamic topology and time-
varying LEO-based backhaul link capacity. Regarding
this, we develop a comprehensive problem optimizing
the two-tier user association and RA jointly under the
backhaul link capacity constraint. The objective is to
offload all user data to the LEO constellation during the
shortest duration. The optimization problem is formed
as a challenging non-convex mixed-integer non-linear
programming (MINLP) due to the combination of the
discrete objective function, non-convex constraints, and
coupling between binary and continuous variables.

e To deal with this difficult problem, we propose two
efficient solutions by utilizing compressed-sensing and
successive-convex-approximation methods, namely cen-
tralized and decentralized algorithms, which align two
proposed network management approaches, respectively.
In particular, for the performance purpose, we develop
the centralized algorithm which can be executed at central
network controller, however, it may pose critical issues
of practical implementation.

« For the implementation purpose, we further develop the
decentralized algorithm that enables resource manage-
ment to be optimized distributedly at local controllers
with limited signaling between them. Consequently,
we discuss how the decentralized algorithm can be effi-
ciently implemented in the practical systems.

« For comparison purposes, we introduce a greedy-based
algorithm and adapt an existing framework to suit our
design requirements. The numerical results with prac-
tical parameters show the superiority of the proposed
algorithms compared to the two reference baselines. Fur-
thermore, the small outcome gap between the centralized
and decentralized solutions also confirms the effective-
ness of distributed designs.

The preliminary result of this manuscript was presented
in [1] where only the centralized approach and the simple
simulation were discussed. The rest of this paper is organized
as follows. Section II introduces the system model and prob-
lem formulation. In Section III, one proposes two centralized
and decentralized solution approaches. Next, benchmark algo-
rithms and complexity analysis are described in Section IV.
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Subsequently, the numerical results are presented in Section V
which is followed by the conclusion given in Section VI

II. SYSTEM MODEL AND PROBLEM FORMULATION

This work aims to study RA designs for the uplink trans-
mission of a two-tier ISTN, where satellites of an LEO
constellation connect to some isolated terrestrial BSs to
forward the data from ground UEs located in a specified
geographical area to the core network. One assumes that the
capacity of the feeder links between the gateways (GWs) and
LEO is large enough, i.e., Q/V-band or optical [26], [27];
hence, this work only focuses on two-hop transmission from
UEs to BSs, and from BSs to LEOSats. Let N = {1,..., N}
and K £ {1,..., K} be the sets of BSs and UEs, respectively.
For convenient, we further denote m—th LEOSat, n—th BS
and k—th UE as LEO,,,, BS,, and UEy, respectively. A multiple-
time-slot transmission model is considered, in which every
UE, i.e., UEg, intends to transmit a data amount of D;, bits to
the core network through terrestrial access and LEO-provided
backhaul links. Here, we also assume that the duration of
one time-slot (TS) is Ts (s). Regarding the coverage pattern
of the NTN, the beam coverage can be moving with the
satellite or fixed on the earth [28]. To sake simplicity, the
beam coverage is assumed to be moving with the LEOSat.
Furthermore, to reduce the complexity, only the satellites in
the constellation that can provide effective backhaul links to
the BSs are considered. Herein, the backhaul link from an
LEOSat to a BS is marked as effective if the BS’s location
is inside the 3-dB coverage of that satellite’s beam pattern.
In addition, one assumes that the beam pattern is fixed, i.e.,
without adaptive beamforming. Since LEOSats move, the set
LEOSats having effective links to the BSs varies over time.
Let M; = {1,..., M;} be the set of such satellites in TS
t. In this system, the connections between UEs to BSs are
processed following the 5G-NR standard over the mid-bands,
i.e., 1-6 GHz, while the BSs connect to LEOSats by using
very-small-aperture-terminal (VSAT) antennas over the high-
bands, e.g., Ka-band. In addition, the system is assumed to
support delay-tolerant mechanisms. In particular, due to the
dynamic of the system, especially the high mobility of LEO
satellites [29], and the limitation of the system resource, link
disruption can occur, i.e., temporary disconnection for certain
UEs. Therefore, we assume that the system supports delay-
and disruption-tolerant networking architecture, wherein each
node can store the information and forward it later when the
connectivity is restored [29], [30], [31]. On the other hand, the
impact of link disruption and delay-requirement are discussed
later in the numerical results.

A. Network Management Operation

A vision of ISTN architecture in this work is illustrated
by Fig. 1. One assumes that the cellular BSs are deployed
in clusters due to specific geographic conditions. In each
cluster, a local controller (LC) is deployed which connects
to all corresponding BSs through limited capacity links. Via
these links, the control information can be exchanged based
on which the transmission of BSs and UEs inside the cluster
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Fig. 1. System architecture of the ISTNs.

can be managed. On another side, the LEO constellation is
operated by an NTN controller connecting to the GWs. In our
vision, two network management structures can be considered
for operating the cooperation between satellites and terrestrial
networks, so-called centralized and decentralized.

« In the centralized structure, all LCs (including NTN one)
are connected to a center network controller (CNC). This
CNC can optimize all resource management functions,
then, forward the controlling results to LCs for operation.

e In the decentralized structure, the distributed network
operation can be processed by LCs with minimized
information signaling among them via the central unit.

B. Channel Model

In this section, we discuss the channel models of the UE
access links and the Ka-band backhaul links. The channel
coefficient from BS,, to LEO,,, is modeled as

\/GLE“ GBS (0, ) PLNTN[1]

32m(tTs vl ~ fodyn
Q&n,n [t] Q?r'n,n [t]

A9 (1)

gm,n[t] -

where o5, ,,[t] and o}, ,[t] stand for attenuation due to cloud
and rain, PLN'N[t] = 1/(47 fedpm n[t]/c)? and dp y[t] denote
the free space path loss and the distance from BS,, to LEO,,
at TS t; f. and c are the operation frequency and light
speed. G*E0 and G®® are the antenna gains of the LEOSats
and BSs. v!  denotes the Doppler shift due to the mobility
of LEQ,, at TS ¢ [32]. One assumes that the Doppler shift
can be compensated at the LEOSat payload [30]. Moreover,
1(0) is the normalized beam pattern expressed in [28] as
Y(#) =1if =0, and (0 )—4\%] if § # 0 where a
is the antenna aperture, J; (-) is the first-order Bessel function,
0, is the boresight angle at the viewpoint of LEO,,, to BS,,,
and b = 2w f./c. Besides, the channel coefficient of link
UE; — BS,, over SC s at TS ¢ is modeled as

A 1
han e s[t] = /PLI (/Tﬂh;%im + g

where PLT" is the path-loss between UE; and BS,, h592,[t]

n,k,s
and hNLOS[ | are the LOS and NLOS small scale faldlng of link
UE;, — BS,, over SC s at TS ¢, respectively. x'N is the Rician
factor for the UE — BS link. Additionally, the random-walk

,“Jf?m) @)
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process is exploited to generate the “time-correlation” chan-
nels [33], [34], [35]. In particular, hNLOS[ ] is generated as

O] = (1= p)AphSlt = 1+ phawsltl, 3)

n,k,s n,k,s

NLOS : .
where ANLOS(0] and A, [t] are zero-mean unit-variance
random variables, and p is the random-walk factor.

C. Transmission Over the Terrestrial UE-BS Access Links

Based on the 5G-NR standard, we assume that each UE can
connect to at most one BS while each BS can serve multiple
UEs at each TS. In addition, the transmission bandwidth (BW)
for the terrestrial network is divided into S orthogonal sub-
channels (SCs). Here, the BW of each SC is W5 = 180 x 2#
(kHz) where y stands for the pre-selected numerology [36],
[37]. The set of SCs is denoted by S = {1,...,S}. Regard-
ing the UE-BS association and the SC allocation for UEs,
we introduce a binary variable at] £ [, . s[t]v(n,k,5) S

1
Qi k,s[t] = {07
€]

In this scheme, an intra-cell orthogonal SC allocation strategy
is assumed. It means that at every BS, each SC is assigned to
at most one UE. This assumption is cast by the following,

(C1): Y anpslt] <1, ¥(n,s) € (N x8), Vt.  (5)

VkeK

if BS,, serves UE; over SC s at TS ¢,
otherwise.

Due to the limited computatign resource, one assumes that UE,
can be assigned to at most S, SCs at each TS, which yields
(C2) 1 Y anps[t] < Sk, V(n,k) € (N xK), Vt. (6)
VseS
Moreover, the one-BS association constraint can be stated as
C3): Y | amnsltl]l, <1 VEEK, Yt (7)
VneN VseS

Denote p,, 1 s[t] as the transmit power from UE, to BS,, over
SC s, it can describe the received signal at BS,, over SC s as
vy (pltl aft) = Y
(k')

where p[] £ Dok, [tvin ks> sk[t] is UEg’s data symbol,
E{|sx[t]|*} = 1, and n,, ~ CN(O 02) is the additive Gaussian

noise at BS,. Subsequently, the SINR of the UE;’s data
received at BS,, over SC s and TS ¢ can be expressed as

s [0 ks [ g, s [H] Sk + Ny (8)

UE,t anks[t]pnks[t] nks[t]

ke P[t] [t G
Ll SO S [§ S WM P Eil
where Ay, k. s[t] = |hnks[t]]? is the corresponding channel

gain. It is noting that, in (9), UEs that are not assigned SC
s at BS,, do not cause the interference thanks to zero values
of corresponding «, i s[t]. Let Wsc be the BW of one SC,
we can describe UE’s rate (nats/s) at BS,, over SC s as

WSC ln(

Ry (plt] eft]) = + Yt (PIH], [t]))-

Then, the total achievable transmission data rate of UEg in TS
t can be written as

Rzﬁ,t(

(10)

UEt
nks

=> > R thaft). (D

VYneN VseS
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Decomposed problem for each TS

TS-based Compressed

Original 2d Weighted ‘ Problem (26)
problem decomposition | sum-rate sensing it el
(19) problem (20) binary variable

Transform backhaul
constraint
Iteratively solving (29) Theorem 1

] v
Update compressed Convex <SCALE method| problem
sensing weiaht (231 €| problem (29)(Y proposition 1 | (27)

| Update SCALE weight (46)

Outer loop (Aigorithm 1)

Calculate data remain (18)
Solve for the next TS

Fig. 2. Flowchart for the centralized solution.

D. Transmission Over the BS-LEOSat Backhaul Links

This subsection describes the transmission between the
BS and the LEOSat. For convenience, the binary variables
representing the BS-LEO association are introduced as

1, BS, is served by LEQ,, at TS ¢,
Nm,n[t] = 0

As described above, each BS can select at most one LEOSat
at each TS to transmit the data, which yields

12
otherwise. (12)

(C4): Y pmnlt] <1, VRneN. (13)
YmeM
Denote WS, [t] as a variable representing the BW allocation

assigned to BS,, for transferring data to LEQ,,. Letting WLE0[¢]
be the maximum BW at LEQ,,, in TS ¢, we have

Z an WBS [ ] < er;zED[t]v V(mvt)'

VneN

(14)

Furthermore, high directivity VSAT antennas having a low
side-lobe leakage are assumed at BSs based on which the
inter-satellite interference can be ignored in this work [38].
Then, the achievable rate of BS,, at LEQ,, in TS ¢ is expressed
as

Ry (PIIW ], pa[t]) = o n [T Hln(1+ Hgmn[ﬂ)

Wr}?LS n [t] m ’
15)

where Wt 2 (W2, [tk Pl 2 [Paltlon, Palt
denotes the transmit power of BS,,, gim.n[t] = |Gm n[t]]? is the
channel gain of link BS,, — LEQ,, in TS ¢, and ¢, is the noise
power density at LEQ,,. Therefore, the aggregated achievable
rate of BS,, at TS t is given as
RBL(P[t], W[t], = > RBS E(

vYmeM

t], W[t], uft]). (16)
Moreover, to ensure the successful forwarding at each BS, the
total data rate of associated UEs needs to be less than the
backhaul link capacity, which yields the following constraint

(C6): 3RS (plt].elt]) < RE(PHWIL],lt]), V(n,t).
V(k,s)

a7)

E. Problem Formulation

In this subsection, we formulate the optimization problem
wherein the min-time objective is considered. It can be seen
that, different from the terrestrial networks, the integrated
LEOSat-terrestrial networks are highly dynamic due to the
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high movement of the LEOSats. The service time of BSs cor-
responding to one LEOSat is limited by its covering duration.
As a result, the goal of this study is to develop a system
that minimizes the time required to transfer the entire data
of all UEs to the LEO constellation. To fulfill this technical
objective, we first express the remaining data demand of UEy
right after TS ¢ as
S

dy[t] = max (O,Dk L Zl [u])). (18)
Thanks to (18), the joint two-tier association and RA design
minimizing offloading duration for the ISTNs can be stated
by the following optimization problem,

s.t. constraints (C1) — (C6), (19)

min v
p,P,W,a,p,v

7): Z an,k7s[

VneN VseS
pmax
n 9

(C8) : P,lt] < Vne N, Vt <uw,
(09> : anykﬁ[t]a/‘m,n[t] 6{07 1}7 V(mvnv ka S)a Vt S Ua
(C10) : di[v] =0, Vk € K,

where p 2 {plt]}vi.P £ (P[]}, W £ (W]}, 2
{aft]}y; and p = { [t]}v¢. Constraints (C7) and (CB)
represent the corresponding limited transmission power of UEs
and BSs, respectively. Variable v stands for the TS where all
UE’s data demands are completely transmitted as described by
constraint (C'10). Regarding the goal of offloading duration
minimization, v should be minimized.

In practical ISTNs, problem (19) aims to determine a
resource management strategy to offload the entire UEs data
to the core network through the satellite links during the
shortest time. Particularly, the movement of LEOSats leads
to the dynamic of the LEO-based backhaul link capacity and
the network topology, which poses difficulties in resource
management. The outcome by solving (19) can provide the
solution of UE-BS and BS-LEOSat associations, SC assign-
ment, BW allocation and power control at each TS to address
these dynamic issues and minimize the transmission time.
However, this problem consists of both continuous and binary
variables, along with non-convex constraints associated with
achievable rate formulas and limited link capacities, which
forms it into a challenging MINLP problem. Hence, we pro-
pose the solutions to solve this problem in the next sections.

max

< p Wk e K, V< v,

III. PROPOSED SOLUTIONS

Regarding two network management structures discussed in
Section II-A, this section studies two frameworks to tackle the
challenging problem (19) efficiently. The first solution operates
solely at the CNC, whereas the latter is proposed to decompose
the optimization process into sub-tasks that can be executed
in parallel at the LCs. Both approaches utilize compressed
sensing, relaxation, and approximation methods as follows.

A. Centralized Solution

The overall centralized solution approach is summarized in
Fig. 2, in which the details will be given subsequently.
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1) Time-Slot-Based Decomposition: It can be seen that the
objective function brings the critical sparsity challenge to
problem (19). Naturally, to upload all user demands in the
shortest time, one should maximize the amount of trans-
mitted data for each UE in every TS. Corresponding to
the channel state in each TS, there is an achievable rate
region for all UEs, i.e., C[t], which is the set of all possible
rate vectors, (R?E’t(p[t], alt]),..., R (plt, aft])). Regard-
ing region C[t] and exploiting the approach presented in [39],
[40], the window-based problem (19) can be transformed to a
sequence of TS-based “weighted sum-rate (SR) maximization”
problems each of which corresponds to a TS, e.g., TS ¢,
as given follows,

IRV (p[t], eft]) s.t
o 8 e B U )

L (C1)—(C9).

(20)

Herein, wy[t] is a design weight corresponding to UEj’s
remaining data in TS t.

Remark 1: To define the weight wilt], one can consider
the remaining data at every UE as a queuing model with no
arrivals. Then, to upload all UE’s data in the shortest time,
the queue lengths of all UEs should reach zero at the same
time after addressing the sequence of problems (20). Then, all
queues need to be served in fairness, in other words, the queue
length corresponding to all UEs, i.e., the data remaining of all
UEs, needs to be kept equal over TSs. Based on Proposition 1
given in [39], one can achieve this goal by setting the weights
to the queue lengths at each TS, i.e.,

wi[t] = dilt], V(k,t).

Therefore, to tackle problem (19), one can sequentially
solve problem (20) and update wy[t] after every TS until all
UEs’ data is uploaded to the LEO constellation successfully.
Regarding TS t, it can be seen that problem (20) is still a
non-convex MINLP owing to the coupling between binary
and continuous variables, as well as the sparsity terms and
the non-convex functions relating to SNR and SINR.

2) Compressed-Sensing-Based Relaxation: Regarding the
relation between BS-UE association, SC assignment decision,
and the continuous variables in TS ¢, one can see that:

21

o If UE; is served by BS, over SC s, the transmit power
Dn.k,s[t] is naturally positive, and vice versa, if UEy, is not
served by BS,, over SC s, it should be p,, 1 s[t] = 0.

o Similarly, for the LEO-BS association, if BS,, is served
by LEO,,, W2, [t] is naturally positive, and vice versa,
WE, [t] = 0 if BS,, is not served by LEO,,

These observations yield the following results, oy s[t] =
sl 6= [WE, 1] and

[0 sl Ho - H;pn,k,s ], = lpnsldll,

for all (m,n,k,s,t), where py, [t] = Sv.Pn.k.s[t]- Hence,
and p can be represented by sparsity form of p and W effi-
ciently. Subsequently, to address these sparsity terms, we tend
to utilize an iterative compressed-sensing-based algorithm,
so-called reweighted ¢; minimization method [41], [42],
which consists of the following process in each i** iteration:

(22)
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Algorithm 1 Proposed Centralized Algorithm
I: Sett=1.
2: repeat
3:  Initialization: Set ¢ = 0, and generate an initial starting point
(P12, (WED®).

4: repeat

5: Calculate SCALE weights a( ks,bg: ks> compressed-
sensing weights Cfl 5,§T(f)k,xr:1)n, and pW[t] =
exp(p[t]).

6: Solve (29) to obtain (’*[t} P[1], W*[t]).

7. Update p<i+1>[ﬂ7w<l+1>[]) = (’*[t] w*[])

8: Seti=1¢+1.

9:  until Convergence

10:  Calculate dy[t], Vk based on (18).

11: Sett=t+1.

12: until di[t] = 0,VEk.

13: Recovery association variables o and g by (32).
14: Output: The solution (p*,P*,W*,a*,u*)

(i) replacing the sparsity term ||z|o by 1/ (]z(?|? + ¢) where
€ is a small positive number; (ii) solving the approximate
problem; (iii) updating the fixed point for the next iteration
based on the recent achieved optimal solution. Employing this
approach, ¢y-norm components in (22) can be approximated as

[pnslBllg= €k s lelPm s £, [Pl
= &k ltpailt],
and [[W;35,, [8)]| o= xiiln WS o 11, (23)
for all (m,n,k,s,t), where CfLZ)ks[t] gnl’k[ | and X(z) [t] are

the weights, which are updated based on the solution of pl[t]
and W t] after the (i — 1)*" iteration, respectively as

(1) — 1 1 () 1
t é —_— —
<n,k,s[ ] n k q[t] . [ ] 5:’;1)[15} Xm n[ ] Wﬁﬁ;g%w[t] .

(24)

for all (m,n, k,s). Then, (C'1) — (C6) can be rewritten as

(C1) v;ﬁcﬁii,smpn,k,s[t] <1, ¥(n,s), (25a)

(C2) vzescséc,s[ﬂpn,m[ﬂ < Sk, Y(n, k), (25b)

(C3) Z DY Pakslt] <1, Vk, (25¢)

(C4) vng X WGISA/BS L <1, vn, (25d)

(C5) VEMWTiﬁn[t] < WEEO[],  Vm e M,, (25¢)

(C6) VENRE?;f,s(p[tD < RpPHP[H], W), Vn, (250
where aft] ;n(; plt] in (C1) — (C6) are omitted.

Thanks to the compressed-sensing approach [41] prob-

lem (20) can be addressed by iteratively updating Cn k. S[t] and

xﬁ,ﬁn[ t], and solving the following problem

pn%)a%Vv(%:uk RELEktS( [t]) 5.t.(C1)—(C6), (C7), (C8).

(26)
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Note that REIE,J s(p[t]) and RES!(P[t], W[t]) are the rate
functions with omitting the arguments of «t] and p[t].

3) Convexifying Constraint (6’6).' It can be seen that
problem (26) is still non-convex due to the non-convexity
of (C6). To address (C6), we consider the following
theorem.

Theorem 1: The solution for (26) can be obtained by solv-

ing the following problem,

wi LA 27
p,P W )\UE ABS sz;,c vgj\/
s.t. constraints (C'1) — (6’5), (C7),(C8),
(C11) = 37 Ailt] < AP, n,
Vkek '
(C12) : A5 [t < R (P, Y(n, k),
VseS
(C13) - XF[t] < Y- R (P[], WIt]), Vn,
YmeM,

and calibrating p so that (C'12) holds with equality. Herein,
AL NE ]} and A®° £ {A\PS[t]} are new variables,
which are introduced as a lower bound of the UE and BS
transmission rate functions, respectively. Additionally, the p-
calibrating process can be done by solving the following
problem,

t. (C1) — (C3),(C7), (C12),

mgn > Pukslt] s (28)

V(n,k,s)

which is well addressed in the literatures [43] and [44].

Proof: The proof is given briefly in Appenxdix A. ]
Based on Theorem 1, we can tackle problem (26) by
solving problem (27) and calibrating p by addressing (28)
if (C12) does not hold with equality. In the follow-
ing, we will discuss how to deal with problem (27)
efficiently.

4) Successive Convex Approximation for Low-complExity
(SCALE) Method: 1Tt can be seen, (27) is non-convex due
to constraint (C12). To address this issue, one exploits the
SCALE approach - a successive convex approximation method
introduced in [43] and [45] - to transform the UE rate function
into a concave form as follows.

Proposition 1: The equivalent problem of (27) at iteration
(¢ +1), TS ¢ can be formulated as

>0 D7 wrltA[t]

VkeK VneN

s.t. constraints (C4), (C5), (C8), (C11), (C13),
chks exp pnks[tb S 1, V(n,s),

max

29)
PP, W XE X

(C2): Zcff,i,s[t] exp(Prps[t]) < Sp, V(n, k),
(C3) : 0L IS exp(Puslt]) < 1, Vk,

Vn

(67) : Z Z exp(Pn, k, s[t]) < pp, Vk,
VneN VseS
(C12) : N5t < 3" R (BIE), V(n, k),
VseS
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Fig. 3. Flowchart for the decentralized solution.

where p £ [B[t]]ve, Bt] = [Pn,s [t]]v(nk,5)s Prok,s[t] is a new
variable which is used instead of p,, i s[t], and

R (PIH)) = Wao(all) [0, L (BIED) + b0 14]). 30)

(@

in which a,’, [t] and bff’)k_rs[t] are the updated coefficients at
each iteration, and
\I/n k, s( [t]) = hl(hmk’,s [t]) + Z_)n,k,s[ﬂ
—10 (3 Y b sltlePereld 4 62).
Vn! Vk'ek\k
3D
Proof: See Appendix B. [ ]

Then, by exploiting the compressed-sensing and SCALE
methods, as well as the valuable results addressed in the
TS-based decomposition, Theorem 1, and Proposition 1, the
solution for problem (19) can be obtained by iteratively solving
problem (29) and updating the corresponding weights in every
TS sequentially until all UEs’ data have been delivered to
LEO constellation. The proposed centralized algorithm is sum-
marized in Algorithm 1. Regarding the compressed-sensing
approach, the binary solution o and p can be returned as

[t] 17 if pn.k,s[t] 2 €,
«@ = : ,
ks 0, otherwise,

L if WE Tt > e,

tmnlf] {O, otherwise. (32)

B. Decentralized Solution

Implementing the centralized solution may pose a signif-
icant challenge, as it requires all network information to be
available at the CNC. This requirement may lead to execution
delays and an overload of controller links, arising from the
aggregated traffic needed for exchanging network information.
In addition, centralized execution also leads to computation
overload and difficulties in scaling up the algorithm for large
networks. Therefore, to address these issues - including
overload at the central network controller, the large amount
of exchanged network information, execution delays, and
scalability concerns - a decentralized algorithm is proposed
in this section. Subsequently, we decompose the centralized
optimization process into sub-problems each of which can
be solved separately at the corresponding LC. The overall
decentralized solution approach is summarized in Fig. 3.
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1) Lagrangian-Based Decomposition: Analyzing prob-
lem (27), one can see that the variable sets corresponding
to clusters and NTN are coupled through constraint (6'5)
To address this coupling, we propose to employ the Lagrangian
relaxation method with the multiplexer 7 £ [7,,[t]]vim.c>0 as
follows. The Lagrangian function of (27) is given as

L(p, P, W, A", X, 7)

:Zwk[t])\‘fl —|—Z Tm[t WLEO ZWBS . (33)
V(k,n) VmeM, VneN
Let € represent the tunnel of all wvariables, i.e.,
Q £ (p,P,W,A" X¥) F denote the feasible set of

27), ie
(C11) —

{Q|Q satisfies (C1) — (C4), (C7),(C8),
(C13)}. The dual problem can be written as
min gpag(7) s. t. Tp[t] > 0 V(m,t), (34)

where g1.5(7) is denoted as the dual function corresponding
to (27) which is expressed as

JLag(T)

= sup L(Q,T)
QeF

= sup Zwk )\ ]+ > mmlt]( t](WEEO[¢) ZWBS )
QEF V(k,n) YmeM, YneN

(35)

For given 7 and {WXE%}y,,,c m,, the right-hand-side problem
of (35) can be rewritten in a more trackable form as

max ST wltIATR = D T[] S W I

p,P, W A X5 v(k,N) VmeM, VneN
s.t. (C1) — (C4),(C7),(C8), (C11) — (C13).

Herein, for a decomposition purpose, we assume that the
extra-cluster interference is negligible due to the sufficiently
long distance between clusters. Based on this assumption,
the optimization for the TN layer can be executed at each
cluster. As a result, problem (36) can be further decomposed
into sub-problems which are solved separately at the local
control units corresponding to the clusters. In particular, the
optimization sub-problem for cluster ¢ is formulated as

(36)

(rPcIus)
max W, n Tm, W,%Lsn
pe, P, We A )‘Esv%) k w%vu VTZ/:\/
st. (C1), — (C4)., (CT)., (C8)., (Oll)c, (C13),,
(Cl)e : ATl < 37 RSl (pelt]), Y(n, k),
VseS
(37)

where the low suffix (x). is added to notations (C'X) and
variables to indicate that constraint (CX) and corresponding
variables are applied for cluster c¢. In constraint (C'14).,
Ry (Pelt]) = Waelogy (1 + 7,757 (pe[t])). and
p’ll S t hn S
) = Lot -
2 ovn v ek At [P s [th 128+ 02

(38)

(1) :
where In ¢ = D vnd vy TER\K, g os[tlppi o ([t] s the
inter-cluster 1nterference at BS n in cluster ¢ over SC s.
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2) Decentralized Algorithm: Tt can be seen that (C14). is
non-convex. The following proposition is to address this issue.

Proposition 2: Problem (PEL“S)
the following convex problem,
(Piic)

I [t
Pc,PC,%aj()\ )\Bs ZCUk[ ] k-[ ]

c V(k,n)

can be transformed into

= [t W [1]

YmeMy VneNe

s.t. (Cl)c—(03)6,(C‘4)C,(@7)0,(08)6,(011)6,(013) o
(C14)e: NE [ < Waed ol W ((Belt]) +) .o
VseS
(39)
where \Ilfltk <(Pe[t]) is defined as

v (Belt])
2 (hpis[t]) + Prk.s[t]

“ (Z S B a1

vn' VE'eK:N\k

exp (B[ + I8 +02).
(40)

Proof: Using the similar approach described in Sub-
Section III-A.3, (C'14) can be approximately convexified by
utilizing function aln(x) + b. Then, (C'14). can be rewritten

as (C'14). with specific values of a() Ue' (Pe[t]). and

n,k,s’
b( 2 Additionally, exploiting the same approach introducing

n,k,s*
the new variables Dc[t] £ [Pk, s[t]]v(n.k,5)e (V. x K. x5)» ONE
can replace (C1). — (C3). and (C7). by (C1). — (C3),. and
(CT7)., respectively. [ |

Remark 2: Due to the relatively long distance separating
the clusters, the inter-cluster interference is assumed to be
very minimal. Therefore, our decentralized design treats these
inter-cluster interference components as fixed colored noise in
each iteration. However, these terms are still re-estimated after

each iteration to evaluate the SINR at the users precisely.

In sub-problem (Pﬁ"‘f , the second term of the objective

function, given in (39), can be considered as the balancing
term corresponding to the LEO BW allocation. Herein, the
parameter 7 needs to be adjusted to drive the solutions of

all problems (Pﬁ"f) ’s to meet constraint (C'5). One efficient
conventional approach for this purpose is the use of the sub-
gradient descent method [46]. In this method, the Lagrangian

multiplier 7 can be updated as

T[] = O[] — 9 (WEE — (41)

> Woin),

vneN

where ¥ is the step size. Moreover, this information will be
disseminated to all LCs via a mechanism requiring limited
signal transmission. The proposed decentralized algorithm is
summarized in Algorithm 2. The convergence of this algorithm
is discussed in the following.
Proposition 3: Regarding the dual problem, one have:
(i) The dual function g, is a convex function.
(ii) Its sub-gradient at 7, [t] is Wi — >, Wpe .
(iii) The sub-gradient updating method described in (41) is
guaranteed to converge to the optimal solution of (34)
if problem (36) is solved optimally and J,’s are set
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Algorithm 2 Proposed Decentralized Algorithm

I: Sett=1.

2: repeat

3:  Initialization: Set ¢ = 1. Generate an initial Lagrangian

multiplier 7.

4 repeat

5 for Each cluster ¢ do

6: Set ¢+ = 0 and select (f)f;o) [t], w [t])

7 repeat ) _ _ } )

8 Caleulate  weights a0, .. ¢\ ., €0, x5n

for cluster ¢ and p” [t] = exp(p%[t]).

9: Solve P to obtain 8[‘)2 [t], P5[t], W3 [t])

10: Update (pﬁ’“’[t}, WS“)[t]) = (pc [t], W [t]).
11: Sett =1+ 1.

12: until Convergence
13: end for

14: Update T by (41).
15: Set £ =/(+1.

16:  until Convergence

17:  Calculate dj[t], Vk based on (18).

18: Sett=1t+1.

19: until di[t] = 0, Vk.

20: Recovery association variables o and g by (32).
21: Output: The solution (p*,P*,W*,a*,u*).

according to “the square summable but not summable
step size rule” [46].
(iv) Once, the conditions given in (iii) are satisfied, the
convergence rate of the sub-gradient method is O(1/v/4).
Proof: The proposition can be proved briefly based on the
results described in [46] and [47] as follows:
(i) It can be seen that gi,g(7) is the pointwise supremum
of a family of affine functions, gi.5(7) is convex [47].
(ii) The choice of WEE® — > . WES as the sub-gradient

for 7,,,[t] is justified by the fact that 7,,[¢] is the Lagrangian
multiplier associated with the constraint (C5).

(iii)) Due to the results given in Section 2 of [46], the
above sub-gradient method is guaranteed the convergence if
the step sizes are set according to “the square summable but
not summable step size rule” such as ¥, = 1/¢.

(iv) Using the sub-gradient descent method to solve the dual
problem; hence, its convergence rate is O(1/ \/Z) [46]. [ ]

Moreover, the duality gap is discussed in the following
remark and proposition.

Remark 3: The strong duality does not hold for the dual
problem (34) and the corresponding primal problem (27)
since (27) is non-convex. It is important to highlight that
the use of Lagrangian decomposition enables the parallel
optimization execution across local clusters, helping to over-
come the challenges in the centralized solution implementation
related to the overload of controller links, execution delays,
and scalability.

Proposition 4: Let (Py) and (D)) be the aggregation of all
(P§'Us)’s and its dual problem, respectively. If the inter-cluster
interference is neglectable, i.e., Iﬁhs ~ 0, the strong duality
holds for (P) and problem (29) in the centralized algorithm.

Proof: See Appendix C. ]

Remark 4: Thanks to Proposition 3, if the problems (P,f'cus)
are solved optimally and the Lagrangian variables T are
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CNC

CNC sends the initial Lagrangian
multiplier 7(% to all clusters

Local controller of cluster ¢

Initialization
Repeat ISolve sub-problem Pﬁ'}f for cluster ¢

Send {WE 1} Vn e N.,Vm to CNC

CNC calculates 7 by (39)

and sends it to all clusters $

until

Convergence

Fig. 4. Exchange data between local cluster controllers and CNC.

updated as in (41) based on the bandwidth allocation solution

W, the convergence of the decentralized algorithm can be

guaranteed. The strategy for exchanging and updating the

Lagrangian variables T will be discussed in the subsequent

section. Although Algorithm 2 may not obtain the optimal solu-

tion of W in each iteration due to the approximation attempt,
the implementation of compressed sensing and SCALE meth-
ods in this algorithm—well-known as highly effective tools
for dealing with sparsity and non-convex sum logarithm-rate
maximization problems—can facilitate an efficient solution.

Consequently, the convergence of Algorithm 2 is feasible,

as demonstrated in Section V. Furthermore, the distributed

algorithm can be also set to stop after a certain number of
iterations in a practical implementation.

3) Decentralized Algorithm Implementation With Limited
Signaling: To provide clarity on the practical implementation,
Fig. 4 is presented to outline the execution steps and data
exchange between the cluster LCs and CNC. Specifically, the
process can be summarized as follows:

(a) After obtaining the initial Lagrangian multiplier 7(®)
each cluster LC solves its corresponding sub-problem as
described in Algorithm 2.

(b) Subsequently, the cluster LCs and the central control
unit exchange the data of BW allocation that is used for
Lagrangian multiplier calculation.

(c¢) The CNC calculates and broadcasts the new 7 to all LCs.

This process is reiterated until the convergence of the solution
is attained. Moreover, as depicted in Fig. 1, one assumes the
existence of a limited-capacity link between every LC and the
CNC. Given the low-bit exchanging data (W77, and 7(0), the
signaling process can be carried out with low latency.

Remark 5: Two proposed algorithms are designed based on
the min-time optimization problem (19), however, they can
easily adapt to the max-sum-rate objective with a simple
modification. Indeed, by removing the weights wy, at the objec-
tive functions of (29) and sub-problems Pﬁ[‘c‘s, the proposed
centralized algorithm and decentralized algorithm can directly
apply to solve the max-sum-rate optimization problem.

IV. OTHER SOLUTIONS AND COMPLEXITY ANALYSIS
A. Greedy Algorithm

Regarding BS-LEO links in each TS, each BS selects an
LEOSat having the strongest channel gain for communication.
Consequently, every LEOSat assigns equal BW to its associ-
ated BSs. Every BS spends all its power budget to forward
UEs data, based on which the backhaul capacity RES of the
BSs is defined. Then, in every TS, one updates the set of
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Algorithm 3 Greedy-Based Algorithm to Solve (19)
1: Sett =1 and Kp = K.

2: repeat

3: forn=1— N do

4: BS,, associates with LEQ,, with the best channel gain. Set
Um,n = 1 and Py,[t] := P7**.

5:  end for

6:  Each LEOSat uniformly allocates BW to linked BSs.

7:  Each UE, € Kp selects BS,, with the best channel gain.

8 Each BS assigns SCs to UEs in descending order of channel

gain.

9:  Build matrix c. Set py* = prg -

10 forn=1— N do

11: while R® < R%% or |[R® — R™®!| > ¢ . do

12: Utilize water-filling algorithm for each UE linked with
BS,, to find power allocation using pyz’~ as the maxi-
mum power.

13: Adjust piE** by bisection search method based on Rt%',

14: end while

15:  end for

16:  Calculate di[t], Vk based on (18).

17:  Vk € Kp, remove UE; with d;[t] = 0: Kp = Kp — {k}.
18: Sett=1t+1.

19: until Kp = 0.

20: Output: The solution (p, P, W, «, pt).

UEs asking for data transmission, i.e., Xp. Then, each UE in
Kp selects the BS offering the best average channel gain to
associate with. At the BSs, SCs are assigned to the UEs in
descending order of channel gain. Afterward, the water-filling
algorithm is employed to optimize the transmission power at
UEs without considering extra-cell interference. Herein, the
maximum auxiliary power level at UEs needs to be calibrated
if the capacity constraints of the BS-LEOSat backhaul link is
violated. The Greedy Algorithm is detailed in Algorithm 3,
wherein RE*! is the total UE rate at BS,,.

B. Other Benchmark Solution

As shown in Table I, Di et al. [21] studied some tech-
nical aspects similar to our work without optimizing the
transmission power at UEs. However, [21] allocates only one
sub-channel to each UE, letting each BS connect to multiple
LEOSats at the same time, and accounting for inter-satellite
interference which may be impractical in VSAT systems.
Then, we aim to modify the algorithm proposed in [21],
namely Di Algorithm, for a fair evaluation. The main modifi-
cations are: (i) allowing UEs to be assigned S SCs; (ii) equally
allocating the transmission power at each UE over its assigned
SCs; (iii) pushing each BS to connect to only one LEOSat;
(iv) ignoring the inter-satellite interference, then utilizing the
water-filling method to allocate power transmission for BSs.

C. Complexity Analysis

1) Greedy Algorithm: Regarding Algorithm 3, the FOR
loop given in Steps 3-5, the BW allocation procedure in
Step 6, and BS-UE association operation in Step 7 demand a
complexity of O(2N+ K). Then, the complexity of SC assign-
ment process in Step 8 is O(N.S). For the power allocation
work given in Steps 10-15, one requires — log,(€pow) and
—log, (€rate) iterations to find pj*™ level and water level by

16657

bisection search method, respectively. Additionally, the com-
plexities of obtaining UE power control and calculating the
data remaining are O(N K S) and O(K ) computations, respec-
tively. In summary, the complexity of the greedy algorithm can
be expressed as

Xorentg. = O(TNK S 1ogy(crae) 108 (6pon) ), (42)

where T is the number of TS required for uploading all UE
data of the greedy algorithm.

2) Di Algorithm: In Di Algorithm, the most computation
complexity is due to the three-dimension matching process.
In particular, a three-dimension matching approach is utilized
for the BS-UE-SC association repeatedly to let each UE can
access multiple SCs from one BS, this process demands a
complexity of O(NK?252S). For the BS-LEOSat transmis-
sion, the three-dimension matching approach is applied again
for the LEOSat-BS-SC association to let each BS can connect
to one LEOSat over at most Sgs SCs. The complexity of this
process can be expressed as O(M N QSEEDS”BS), where Sigg is
the number SCs in the LEOSat-BS transmission. In summary,
the complexity in terms of big-O of Di Algorithm can be
expressed as

Xoiatg, = O Now(NK2S25 + MN?SigSas) ), (43)

where N, is the number of outer iterations for convergence.
3) Proposed Algorithms: Each proposed algorithm consists
of two loops: the outer loop corresponds to the number of TSs
of transmission required for completing the upload of all UEs
data while the inner loop iteratively solves the optimization
problems until the solution for each TS is obtained. To imple-
ment each algorithm, the successive convex problems (29)
and (39) should be transformed into the conic form which
is accepted by the convex solvers, e.g., MOSEK [48], [49],
resulting in requires extra constraints and auxiliary variables.
Regarding the centralized algorithm, one needs to deal with
problem (29) several times. According to [49], this problem
can be transformed into a conic problem which consists of
1 =NKS+NS+ NK+4N + 2K + M; linear constraints,
y1 = N2K2S +2NKS + M;N exponential cone constraints,
and z; = N2K?S +4NKS + NK + 3M;N + N variables.
Based on [49] and [50], to obtain e-accuracy solution for
problem (29), the connect-based solving procedure requires
a number of (’)(3 log(1/€)) sub-steps. Therefore, the com-
plexity of the centralized algorithm can be expressed as

Xean=0 (9Tce”1\fite, log(1 /e)<(2(21 1) 42 +y1)> 44)

where Nite, is the number of inner-loop iterations, 7' Cen is the
required number of TSs due to the centralized algorithm.

For the decentralized algorithm, it is equivalent to a conic
problem with o = N.K.S+ NS+ N.K.+4N.+2K .+ M,
linear constraints, y» = N2KZ2S + 2N.K.S + M;N, conic
constraints, and 2o = N2K2S+4N.K.S+ N.K.+3M;N. .+
N, variables. Therefore, its complexity can be written as

Xpec=0 (T Nier Nisglog(1/)((2(z+1) +2)41).
(45)
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TABLE II
SIMULATION PARAMETERS
[ Parameter [ Value [[ Parameter [ Value
Number of BS clusters 6 LEOSat BW, WTED 20 MHz
Number of UEs, K 60 Orbit type ‘Walker-star
Number of BSs, NV 18 Number of BSs per cluster 3
LEOSat altitude 600 km LEOSat velocity 7.57 km/s
Number of salcllitcﬁorbils 2 LEOSat antenna gain, GLEO 37.1 dBi
UE data demand, D 5 Mbits SC BW, Wsc 720 kHz (u = 2)
BS antenna gain, G58 32.8 dBi BS-LEO operation frequency, fc | 30 GHz
Number of SCs, S 8 Max. number of SCs at UE, S 4
TS duration, T's 30 ms Max. UE transmit power, py®* 26 dBm
Rician « factor, k™ 5dB Max. BS transmit power, P3g®* 14 dBW
Radius of TN cell 200 m Considered area (7km x 5km)
Satellite 3dB beam diameter | 12.35 km Noise power density -174 dBm/Hz
TS 12

TS 11 TS 13

TS 14

Latitude [deg]

1998 20 20.02 2004 1998
Longitude [deg]

20 20.02 20.04 19.98 20

Longitude [deg]

20.02 20.04 1998 20 20.02 20.04

Longitude [deg] Longitude [deg]

aBS e Served area
LEO satellite projection LEO satellite-BS association

rrrrrrr Satellite 3dB beam coverage

Fig. 5. The LEOSat-BS association result over TSs.

where |, is the number of Lagrangian iterations, TPe< is the
required number of TSs due to the decentralized algorithm.
Here, both algorithms have polynomial time complexities
while the decentralized approach has a lower complexity.

V. NUMERICAL RESULTS
A. Setting Parameters

This section presents the simulation results to evaluate the
performance of the proposed solutions and compare them with
reference algorithms. The simulations were performed over an
area of 7 x 5 km?, with the center geographical coordinate
set at (yo,0p) = (40°N,20°E). Within this area, terrestrial
clusters were uniformly deployed and CNC is assumed to
be located at the center of the area. The rain attenuation
05, n[t] is assumed to follow “log-normal distribution” with
a mean of 2.6 dB and a variance of 1.63 dB [51], while
the cloud attenuation gy, ,,[t] is set as detailed in [52]. The
Doppler shift, v , is calculated based on LEOSat velocity and
position as described in [53]. Other key parameters are listed
in Table II. To ease the readability, two proposed algorithms,
i.e., Algorithm 1 and Algorithm 2 are referred to as “Cen-
Alg” and “Dec-Alg”, respectively. The Greedy Algorithm and
Di Algorithm are also implemented for comparison purposes.

B. Numerical Results

Fig. 5 displays a simulated topology along with the
LEOSat-BS association results, as obtained from the proposed
Cen-Alg during the duration from TS 11 to TS 14, wherein
the satellite 3dB beam coverage is calculated based on beam
pattern formulation given in Section II-B and parameters in
Table II. It can be observed that BSs in the service area tend to
prioritize connection with the nearest LEOSat due to the strong
channel gain (the middle LEOSat in Fig. 5). However, due
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Fig. 7. Sum-rate and BW of proposed Dec-Alg in TS 1 over iterations.

to limited backhaul capacity, several BSs connect to distant
LEOSats. Moreover, it can be seen that LEO switching does
not occur too frequently. Specifically, in this duration, there
are a few BSs that need to switch their LEO association.

Fig. 6 illustrates the SR achieved by the proposed Cen-
Alg over iterations in TS 1 for different settings. As can be
observed, in all settings, the achieved SR increases and satu-
rates after just a few tens of iterations, that has confirmed the
convergence of our proposed Cen-Alg. For instance, with the
settings of (Pag®*, S, K) = (14,8,60) and (Pg®*,S,K) =
(18,8,60), our proposed Cen-Alg requires approximately
23 and 26 iterations for convergence, respectively. Even with a
larger setting, (P3g®*, S, K) = (18,8,60) and (P>, S, K) =
(14,8,72), a similar number of iterations for convergence is
required, i.e., about 28 and 27 iterations, respectively.

Fig. 7 depicts the SR convergence and the allocated BW
of each LEOSat over Lagrangian iterations. In this approach,
at each Lagrangian iteration, each cluster solves a sub-problem
similar to the problem addressed in the centralized approach,
but on a smaller scale. Therefore, the SR convergence of the
Dec-Alg at each cluster can be achieved with a lower number
of iterations in comparison to that of the proposed Cen-Alg.
In this instance, the proposed Dec-Alg requires approximately
15 Lagrangian iterations for convergence. Intriguingly, dur-
ing the initial iterations, the algorithm delivers superior SR
performance, but there are some LEOSats where the total
allocated BW exceeds the maximum BW at the LEOSat
(indicated by the threshold dashed line). This phenomenon
occurs due to the relaxation of the BW constraint at each
LEOSat. However, thanks to the adjustment of the Lagrangian
multiplier 7 based on (41), the BW violation decreases in
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Fig. 9. Average TS number vs. LEO BW.

later Lagrangian iterations, and the BW allocation constraint
is fulfilled upon achieving convergence.

To assess the effect of backhaul link capacity, Fig. 8 depicts
the average numbers of TSs required to meet UE demand
according to the four algorithms versus different maximum
BS power levels. Overall, the results of all algorithms share
the same trend that the average TS number decreases as the
maximum BS transmission power increases. As anticipated,
both proposed algorithms outperform the benchmarks with
considerable performance gaps. For instance, at Pg®* =
12 dBW, the average numbers of TSs required to meet UE
demand for the two proposed algorithms are approximately
55.7 and 58.8 TSs. In contrast, the Di Algorithm and the
Greedy Algorithm require substantially more TSs, specifically
around 85.6 and 83.2 TSs, respectively. Across all settings
of FPgs™™, the gap between the proposed algorithm and the
benchmark lines seems to be unchanged, i.e., approximately
30 TSs. Particularly noteworthy is the minor performance gap
between the Cen-Alg and Dec-Alg, roundly about 3 TSs, even
though the latter algorithm is executed separately at the LCs.

To further evaluate the influence of the backhaul link capac-
ity, Fig. 9 illustrates the performance of the four algorithms
in terms of the average number of TSs versus the maximum
backhaul BW which can be provided by the LEOSats. The
trend of the results in this figure is similar to that shown
in Fig. 8, where the average number of TSs decreases as
the backhaul capacity budget increases. As can be seen,
the two proposed algorithms deliver superior performance in
terms of transmission time compared to the Di Algorithm and
the Greedy Algorithm. For instance, at W9 = 40 MHz,
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Fig. 10. The number of required TSs vs. the maximum power at UE.

the proposed Cen-Alg and Dec-Alg require approximately
42.8 and 46.5 TSs to fulfill UE demand, while the benchmark
algorithms require about 65.5 and 67.6 TSs, respectively.
Contrary to the results in Fig. 8, the performance gap between
the proposed algorithms and the two benchmark algorithms is
larger with a smaller WE®, This phenomenon demonstrates
the efficiency and capability of the two proposed algorithms
to exploit LEOSat BW compared to the benchmarks.

Subsequently, Fig. 10 illustrates the average number of TSs
as a function of the UE transmission power budget. Again,
the two proposed algorithms consistently provide superior
solutions with a significant performance gap compared to
the benchmarks. With FPg5®* = 14 dBW, the Di Algorithm
and the Greedy Algorithm require about 71.5 and 70.6
TSs, respectively, while the proposed algorithms require only
approximately 48 and 50.5 TSs at pp** = 18 dBm. These
numbers of TSs are reduced to about 64.5,67.2,42 and
45.2 TSs at pgp®™* = 30 dBm, respectively. Interestingly, the
numbers of TSs corresponding to the four schemes decrease
quickly when pi** varies from 14 dBm to 18 dBm, but
saturate when p** is set to a higher value. This indicates
that the performance seems to be bottlenecked by the backhaul
link capacity. For a clearer assessment, we examine the setting
with P3g®* = 18 dBW. As expected, the number of TSs for
the four algorithms decreases significantly as pgy*™ increases.
When pi** is set in the range from 22 dBm to 30 dBm, the
performance of the Di Algorithm improves rapidly compared
to that of the Greedy Algorithm. However, the performance
gap remains substantial compared to the two proposed algo-
rithms. In particular, the average numbers of TSs for the
benchmarks are about 43 and 50.8 TSs, respectively, whereas
those for the proposed algorithms are only 30.6 and 32.1 TSs
at pig* = 30 dBm.

Next, Fig. 11 illustrates the impact of the number of SCs on
the system performance in terms of the complete time of UE
data upload. With Pig® = 14 dBW, the benchmark algorithms
require a similar number of TSs across all different settings of
S, and this transmission time is much larger than those of the
two proposed algorithms. Specifically, the proposed algorithms
can reduce the requirement by approximately 23 and 21.5 TSs
for all values of S in this simulation. Conversely, it can be
seen that the average number of TSs achieved by all four
schemes decreases slowly as the number of SCs increases.
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Especially, when S varies from 8 to 10, the changes in the
average number of TSs for the proposed Cen-Alg and Dec-
Alg, the Di Algorithm, and the Greedy Algorithm are only
about 1.2, 1.9, 1.5, and 3 TSs, respectively. Similar to the result
shown in Fig. 10, this indicates the presence of a backhaul link
bottleneck. When we increase Pag®* to 18 dBW, as expected,
the number of SCs has shown a more significant impact on
the number of TSs. In this case, the Di Algorithm shows
better transmission time performance compared to that of the
Greedy Algorithm. However, the performance gap between
these benchmarks and the two proposed algorithms remains
notable. In particular, in the setting of 10 SCs available at the
BSs, the Di Algorithm and the Greedy Algorithm require about
40.8 and 47.1 TSs, respectively, while the proposed algorithms
require only about 28.6 and 29.1 TSs.

Additionally, Fig. 12 presents the TS numbers of four
schemes as the functions of transmission data-amount demand-
ing by each UE, D. For all considered algorithms, the required
TS numbers of all schemes appear to increase linearly as the
data demand per UE escalates. Notably, the gaps between the
proposed algorithms and the benchmarks are proportionally
linear to D. For instance, at D = 3 Mbits, the required-TS
gaps from the Cen-Alg and Dec-Alg to the Di Algorithm are
about 11.8 and 11.2 TSs, respectively. Conversely, at D = 9
Mbits, these gaps grow to about 43.9 and 37.2 TSs. Again,
this figure confirms the effectiveness of the two proposed
algorithms in comparison to the two benchmark algorithms
when the data demand of the UE increases.

Fig. 13 illustrates the impact of variations in the number of
UEs on transmission time performance. With fixed resources,
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it is observed that an increased number of UEs necessitates
more TSs to meet the data demand for all UEs. As expected,
the solutions provided by the two proposed algorithms surpass
those of both the Di Algorithm and the Greedy Algorithm
in terms of transmission time across all instances of K.
Notably, the transmission time performance gaps between the
two proposed algorithms and the two benchmark algorithms
are significant and seem to remain relatively constant with
different values of K, i.e., about 24 and 20 TSs from the Cen-
Alg and Dec-Alg to the Di Algorithm, respectively. In addition
to showcasing the superior performance of the two proposed
algorithms in terms of minimizing transmission time, this
figure also demonstrates the adaptability of our proposed
algorithms with varying numbers of UEs in the network.
Next, Fig. 14a and 14b respectively present the achieved SR
and total remaining UE data over TSs for the four considered
algorithms for a particular realization. In almost all TS, Greedy
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Algorithm achieves the lowest SR performance, thus it requires
the largest number of TSs to complete UE demand, i.e., 46
TSs. Regarding the other three algorithms, the differences
among the SR achieved by these schemes are not significant,
with similar totals of remaining data, in the duration from
TS 1 to TS 15. In the subsequent TSs, the two proposed
algorithms demonstrate superior SR performance; hence, they
are able to fulfill UE data demand in fewer numbers of TSs
compared to the benchmarks. Specifically, the outcomes of
the proposed algorithms are 30 and 31 TSs, respectively,
while the Di Algorithm requires 42 TSs. The reason for this
phenomenon can be expressed as follows. After a certain
TS, although the total remaining data for all algorithms is
similar, the distribution of remaining data among UEs may
differ. Therefore, adjusting the weight for the SR objective
and accounting for capacity balancing in the two proposed
algorithms can enhance SR performance. These figures further
clarify the effectiveness of the two proposed algorithms.

Finally, Fig. 15 shows the number of BSs that have to
switch their associated LEO over time. Herein, such BSs are
so-called the switching BSs. As can be observed, the number
of switching BSs due to Greedy Algorithm implementation
is the lowest in almost all TSs due to the simple channel-
gain-based BS-LEO association. While the proposed Cen-Alg
returns the number of switching BSs lower than the other two
remaining schemes, i.e., ranging from 1 to 3 BSs in nearly all
TSs. Interestingly, the outcomes of the decentralized approach
vary with large variance over the duration from TS 1 to TS
22 while Di Algorithm shows significant fluctuation in the fol-
lowing TSs. Additionally, the maximum number of switching
BSs of these two algorithms are 7 and 6. Herein, the Cen-Alg
has fewer switching BSs compared to the decentralized one but
the returns of the latter are still acceptable, as the maximum
number of HO BSs is 7 out of the total of 18 BSs. This can be
interpreted as a trade-off between the two proposed algorithms
in terms of workload offloading for the CNC.

C. Numerical-Result Discussion

1) The Superiority of Proposed Algorithms Compared to
Benchmarks: In all considered scenarios, our two proposed
algorithms demonstrate superior performance in terms of
transmission time and achievable rates when compared to
two baseline algorithms: the Greedy Algorithm and the Di
Algorithm. The advantages of our proposed algorithms over
these baselines are outlined as follows:

o Greedy Algorithm: establishing BS-UE and BS-LEOSat
associations and SC assignments based solely on channel

gain. The UE power allocation is performed using the
water-filling algorithm, which does not account for inter-
ference, potentially leading to low performance.

o Di Algorithm: In this approach, UE transmit power is
fixed. The resource management task is split into two
separate problems for TN and NTN. As a result, this
algorithm does not efficiently address interference man-
agement and two-tier user association issues.

e Our Proposed Algorithms: Our algorithms perform a
comprehensive optimization of two-tier user associations,
SC assignment, power control, and bandwidth alloca-
tion, all under the backhaul-link limitations. Moreover,
by prioritizing users based on their remaining demand
and incorporating UE fairness, our algorithms achieve a
notable improvement in transmission time performance.

2) Comparable Performance of Decentralized and Cen-
tralized Algorithms: Both the Cen-Alg and Dec-Alg are
developed using similar technical methods, resulting in the
Dec-Alg having a performance comparable to that of the
Cen-Alg. Specifically, in the decentralized approach, prob-
lem (27) from the centralized framework is divided into
sub-problems P,‘f'c“S for clusters as delineated in (37). Notably,
each sub-problem PEL“S shares a similar structure with (27).
Consequently, we employ the same technical methods, namely
compressed-sensing and SCALE methods, to solve them. The
primary distinction between the centralized and decentral-
ized solutions lies in the latter’s requirement for updating
the Lagrangian multiplier 7. This challenge is efficiently
addressed using the sub-gradient descent method. Therefore,
the Dec-Alg can obtain comparable performance to that of the
Cen-Alg.

3) Practical Implementation Analysis: The studied network
consists of two separate signal transmission hops, i.e., BS-UE
and BS-LEOSat, which are processed on different frequency
bands. Consequently, the synchronization procedures for these
two hops can be conducted independently. For the BS-UE
hop, we assume adherence to the 5G-NR standard. For the
BS-LEOSat hop, the time and frequency synchronization can
be conducted at each BS thanks to pre-compensation as
outlined in the standard [30]. It is noted that both proposed
algorithms are executed at the ground controllers without
frequent signaling between LEOSats and ground segments.
The eligible time consumption is the propagation time for
channel estimation between BS and LEOSat. Hence, this time
consumption is approximately 4 ms which is the round-trip-
time between the LEOSat and the ground segment calculated
based on the LEOSat altitude of 600 km.
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Next, as per the simulation settings of the simulation area
and CNC location, the distance between CNC and LC is
about 4.3 km, thus the transmission time between CNC and
LC Tene,ie < 1.43 x 1078 s. On the other hand, it can be
seen that the Dec-Alg requires about 15 Lagrangian iterations
for convergence as per Fig. 7. Based on the data exchange
procedure described in Fig. 4, the time consumption due
to the signaling procedure can be calculated as T, ~ 0.5
us. Summarily, the time consumption due to the propagation
and data exchange is about 4.0005 ms, thus it is feasible to
consider the TS duration of 30 ms. Therefore, this further
demonstrates the practicality of the Dec-Alg. Specifically, the
time consumption due to propagation and signaling procedure
is described as per Fig. 16.

4) Impact of Temporary Link Disruption: Regarding one
user’s data transmission during a specific time window, tem-
porary link disruptions can occur when no system resources
are allocated for data transmission in one or multiple time
slots (TSs). Such disruptions can cause latency and delays,
which are particularly critical for users with stringent delay
requirements, referred to as delay-sensitive UEs (DUEs). Let
Ksen be the DUE set. Regarding the delay requirements of the
DUEs, we consider the following additional constraints,

(CD|) e < T,;nax, Vk € leen, and dk(tk) =0, Vk’,

(46)

wherein t; indicates the TS in that the DUE, can finish
transmitting all data while 77"®* stands for the delay tolerance
of DUE;. To satisfy this constraint, we proposed the weight
update approach instead of (21) as

wilt] = T /(max(0, T — t) + €)dg[t], Yk € Ksen-

(47)

Based on this, the DUEs have higher priority for resource
allocation at the TS closed to their TS tolerance, i.e., T;"®*.
To evaluate the effectiveness of this updated approach in
meeting the delay requirements for DUEs, we consider an
additional simulation scenario in which 20% of all UEs are
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DUEs and their delay-tolerance for the DUEs varies from 12 to
24 TSs. In Fig. 17, one depicts the SR of a DUE with the
different delay requirements 7;"®*, wherein the dashed lines
indicate the delay requirements. It can be seen that the DUE
transmits data continuously in almost all cases. Especially,
the delay requirement is satisfied in all cases for this UE.
However, the effort to satisfy the delay requirement impacts
the overall system performance. Particularly, Fig. 18 shows
the TS number to offload all UEs data for the various delay
requirements 7;"®. It can be observed that the required
TS number increases due to the stricter delay requirements.
This occurs because when higher priorities are set for the
DUEs, the lower system resources are allocated to other users,
leading to the degradation in overall system performance. This
interestingly presents the trade-off between satisfying delay
requirements and maintaining overall system performance.

VI. CONCLUSION

This work studied the novel joint two-tier association and
RA for ISTNs over time regarding the mobility of satellites in
the LEO constellation. An optimization problem focusing on
minimizing transmission time under UE demand and backhaul
link constraints was then considered. To address this problem,
an iterative Cen-Alg implementable at the CNC is proposed.
Moreover, with the objective of offloading computations from
the central node, we proposed Dec-Alg capable of parallel
execution at local network controllers efficiently. Through
a range of numerical evaluations, both proposed algorithms
demonstrated superior performance in terms of transmis-
sion time minimization and practicality, compared with two
benchmarks. Additionally, the simulation results highlighted
the proposed algorithms’ effectiveness in terms of capacity
balancing, SR performance, and adaptation ability, further
validating their advantages and potential utility in real-world
applications.

This study offers avenues for further extension, particularly
in addressing the challenges of handover and scalability.
Particularly, the handover between BSs and LEOSats, which
consumes time for connection establishment and reduces
system performance, should be minimized. These handovers
need to be carefully considered in the optimization problem
to avoid frequent occurrences. In terms of scalability, the
controller link limitations at the CNC could lead to overload
when scaling up the system. Therefore, scheduling for data
exchange must be carefully planned for practical implemen-
tation. Additionally, the application of machine learning and
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deep learning-based mechanisms offers promising prospects
for enhancing user association and RA in ISTNs, especially
utilizing learning-based techniques in the MINLP problems.
These emerging techniques, as discussed in [54], [55] and [56],
may facilitate comprehensive exploration in future research
endeavors.

APPENDIX A
PROOF OF THEOREM 1

It can be easy to see that once (C'12) holds with equality,
problems (26) and (27) are equivalent since the optimal
solution of this problem is a feasible solution of the other
and vice versa. For instance, let (p*, P*, W*) be the optimal
solution of problem (26). Then, denoting

NEJ = ST RS (0¥[H]), V(n k) € (W x K),  (48a)
VseS
At =Y REL(P*[t],W*[t]), VneN,  (48b)

YmeM,

yields (p*, P*, W* A" XP¥) a5 a feasible solution of (27).
On another hand, one assume (p’,P’/, W’ A"¥ \B%)
be the optimal solution of problem (27). Solving (28)
to obtain p”, we can easily prove that \F[t] =
ZVSE‘SRSLE,: S@"[t]),V(n, k). Interestingly, (p", P,
W/ A )\BS’) is also an optimal solution of problem (27)
since this set satisfies all constraints and returns the
same objective as (p’,P’, W’ A" X®)  Furthermore,
(p”,P’,W') also satisfies all constraints of (26), and it
should be a feasible solution of this problem.

APPENDIX B
PROOF OF PROPOSITION 1

This part provides the proof of Proposition 1, wherein
SCALE method [43] is used to convexify (C12). Specifically,
at iteration ¢, the UE rate function can be lower bounded as

RE! (p[t]) = Wac(a') [t In(SINR!, ) + b [1]), (49)

nks

where the coefficients a'”) [t] and bg:,)k.s[t] are defined as

n,k,s
(i) smr V) NG
an7k7s[t = —1) “n,k, s[ ]: log (1+SINR‘TLJ€,S ) ’I’L, s[t}

G
1+ SINR;

and SINRZ (,:) s ’yZEkt L(PW[t]) is the SINR value at iteration .

Subsequently, to convexify the function In(SINR , )
in (49), one introduces new variables {p, i s[t]} and replace
Dnk,s[t] With pp, i s[t] = exp(Pn k.s[t]), V(n,k,s). Based on

that, (49) can be rewritten as

Ry (DI)= R (Bl)=Wso(ay )y, JAVL 1. (B [H])- (50)

It is worth noting that the log-sum-exp term in W}, , (plt])
is convex, thus RELE,: <(P[t]) is naturally concave. Exploit-
ing this approach, constraint (C12) can be approximated as
(6'12) in (50). In addition, regarding p, j s[t], constraints
(C1)—(C3) and (C7) are rewritten as (C'1) — (C3) and (C'7)
in (50) due to the transformation p, x s[t] = exp(Pn,k,s(t]),
respectively. It is worth noting that the replacing constraints
(C1) — (C3) and (C7) are convex thanks to the sum-exp

forms.
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APPENDIX C
PROOF OF PROPOSITION 4

Problem (P;) formed by aggregating all cluster sub-
problems (”Pﬁ'ff) Ve, can be formulated as
(Pu)

max Y (Y wglt] )\
{pC’PC’WC Ve VneN.
A% ABS}V VkEK.

t. (C1)e(CB)e,(C4)es(CT)e,(C8)e,(C11),,
(C13).,(C14),, Ve.

(1= "7 [t] YW [£1)

YmeMy vneN.

By integrating the variables and index  sets,
the  aggregation set of  constraints (C1), —
(C3)e, (C4)e, (CT)e, (C8),, (C11)., (C13),, Ve are
equivalent to (C'1) — (C3), (C4), (CT7), (C8),(C11),(C13),
respectively. In addition, if we suppose that the inter-cluster
interference is very minimal [ ; ~ 0, the approximated rate
function \I/;tk S(pelt]) = V! S( [t]). Hence, the aggregation
set of constraints (C'14)., Ve is equivalent to constraint (C12).
Subsequently, problem (7y) can be rewritten as

(Pu)

max Z

p,P,W AUE \BS Vimk)
s.t. (61) - (03)7 (04)7 (07)7 (08)7
(C11),(C12),(C13),

WLEO Z WBS

vneN

n k +ZTm

YmeMy

wherein the term >, 7, [t]W}E? is added to the objective to
restore the relaxed form of BW constraint associated with T,
that does not change the optimality of problem (7).

Let denote 7 £ {Q|Q satisfies (C1) — (C3), (C4),(C7),
(C8),(C11),(C12),(C13)} is the feasible set of the relaxed
problem (P), the dual problem of (P}) can be expressed as

(Dy) mln sup L(Q,T) s.t. 7[t] > 0, V(m,t), (51)
QeFu
where L(Q,T) = > v(n,iyWh [t]/\ELE,k [t] + ZVmEM‘Tm[ ](Wg;f.o

SenexWesn [t]). Notably, problem (Dy) is also the dual prob-
lem of (29). Since the problem (29) is convex, the strong

duality holds for (D) and (29).
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