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Abstract

The rapid growth of mobile tra�c and emerging service requirements have accelerated the

evolution of wireless networks, particularly through the integration of satellite communica-

tion (SatCom) systems and terrestrial networks (TNs). This convergence has led to Inte-

grated Satellite-Terrestrial Networks (ISTNs), envisioned as a promising enabler of seam-

less, ubiquitous, and high-capacity connectivity in future 6G networks. By leveraging the

strengths of both TNs and satellite networks (SatNets), ISTNs are able to enhance cover-

age, support direct-to-device (D2D) services, provide satellite-based backhaul, and improve

spectrum utilization. However, several key challenges arise due to the dynamic behavior of

non-geostationary satellites-especially low Earth orbit (LEO) satellites (LSats), heterogeneous

terrestrial environments, uneven tra�c demands, spectrum coexistence, and traditional �xed

spectrum regulation.

Addressing these challenges necessitates a careful study of various technical issues. To

e�ciently deliver tra�c demands under system constraints, critical technique issues must be

addressed, including: (i) bandwidth (BW) allocation across services, systems, and satellite-

based backhaul links, (ii) link association among users (UEs), base stations (BSs), LSats,

(iii) ensuring seamless connectivity, (iv) comprehensive resource management, encompassing

resource block (RB) assignment and power control; and (v) e�ective tra�c management.

These issues introduce various problems which must be addressed.

Driven by ISTN scenarios identi�ed by standardization bodies and the aforementioned

technique issues, within the scope of this thesis, three critical ISTN problems are considered:

(1) backhaul-link BW allocation and two-tier user association, (2) throughput enhancement

and seamless handover in C-band 5G-ISTNs, and (3) resource management in dynamic spec-

trum sharing ISTNs.

The �rst problem investigates the ISTN scenarios wherein a LEO constellation provides

backhaul links for TNs. To e�ciently deliver data from UEs to BSs and from BSs to LSats,
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BW allocation backhaul links, a time-window-based optimization framework is proposed to

minimize transmission time through jointly managing two-tier UE-BS-LSat association, back-

haul BW allocation, subchannel assignment, and power control. To e�ciently solve this chal-

lenging non-convex mixed-integer non-linear programming (MINLP) problem, a centralized

algorithm is proposed by leveraging successive-convex-approximation (SCA) and compressed-

sensing techniques. Furthermore, a decentralized algorithm is developed to support scalable

and e�cient deployment as well as to o�oad computations from central node.

The second problem explores ISTNs supporting the co-primary TN-SatNet spectrum use

in urban environments, speci�cally for automotive UEs with both TN and SatNet direct-

to-vehicle access. Accordingly, a joint UE association (UA) and power control mechanism

is developed to maximize system throughput and minimize connection state changes. To

deal with this problem e�ciently, two algorithms are developed: an SCA-based algorithm

addresses the full time-window problem while a prediction-based one enables the optimization

in sequential sub-time-windows.

The third problem introduces a digital-twin (DT)-aided dynamic spectrum sharing (DSS)

framework for D2D-enabled ISTNs, where the TN and SatNet share the same 5G-NR band.

The goal is to minimize system congestion via joint optimization of BW slicing, tra�c steering,

and radio resource management (RRM). This framework comprises two optimization prob-

lems: (i) a joint-RA problem based on DT-predicted data for network and resource decisions,

and (ii) a re�nement problem that updates decisions using real-time feedback. Corresponding

algorithms are designed to align with the proposed system architecture.

Extensive simulations are conducted under practical settings, especially ray-tracing (RayT)-

based evaluations using realistic 3D maps of London for the second and third problems. Nu-

merical results demonstrate the superior performance of the proposed algorithms for each

of the three problems compared to conventional benchmarks in terms of transmission time

reduction, throughput improvement, minimized connection transition events, and congestion

alleviation, respectively. Overall, this thesis contributes e�cient RRM designs for ISTNs

across diverse scenarios and highlights promising directions for future ISTN research.
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Chapter 1

Introduction

R
ECENT years have witnessed the explosive growth in mobile tra�c and emerging

service demands, fundamentally reshaping wireless communication. According to

Ericsson Mobility Report [1], total mobile network data tra�c is expected to reach about

430 Exabytes (EB) per month by 2030, representing 2.6-fold increase compared to 2024.

Furthermore, while the 5G mobile data tra�c accounted for 35% of the total tra�c with

the average monthly data consumption of 19 Gigabytes (GB) per device in 2024, it is pre-

dicted to grown to 80% with 36 GB per device by 2030. Beyond these quantitative increases,

the demand for seamless and ubiquitous connectivity has become paramount, enabling de-

vices to maintain consistent connections and transition smoothly across networks regardless

of location [2]. These escalating demands have been a primary driver for the evolution of

wireless communication, particularly pushing the integration of satellite communication (Sat-

Com) networks (SatNets) with terrestrial network (TN) systems. In particular, integrated

satellite-terrestrial communication networks (ISTNs) have garnered signi�cant attention in

both industry and academia due to their numerous advantages, particularly for providing

seamless and ubiquitous connectivity [2�4]. In particular, TNs o�er high-speed data rates

and reliable connections, they often fall short in delivering high-quality connections in sparsely

populated or remote regions, such as rural, remote areas, and oceans, due to infrastructure

limitations, di�culty in implementation, and economic constraints. Furthermore, due to the

extremely high demand and massive connectivity in several areas such as dense urban regions

and event hotspots, TNs can be overloaded and fail to ensure the connection for entire users

(UEs). Conversely, non-terrestrial-networks (NTNs), especially SatNets, can support global

and ubiquitous connectivity with a high data rate [5, 6]. As a result, ISTNs have emerged as

1
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Figure 1.1: Spectrum utilization in integrated satellite and terrestrial networks.

a promising solution to leverage the strengths of both systems in the future sixth-generation

(6G) wireless network, wherein satellites can provide the complementary connection, coverage

enhancement, o�oading for TNs, and satellite-based backhaul links. Furthermore, integration

of TN and SatNet systems enables the coordination between the two systems to improve the

overall system performance.

Traditionally, TNs and SatNets operate in prede�ned frequency bands. However, the un-

even service and UE demands among ground areas may lead to ine�cient spectrum utilization.

Particularly, as per example depicted in Fig. 1.1, spectrum usage patterns vary across remote,

rural, and urban areas. Speci�cally, SatCom is particularly well-suited for wide-area cover-

age, serving UEs in geographically dispersed and economically underserved regions where TN

deployment may not be viable. Consequently, spectrum utilization for SatNets tends to be

higher in remote and rural areas.

Conversely, TN spectrum utilization is typically high in urban environments, driven by

high population densities and elevated data tra�c demands, often leading to overutilization

despite dense infrastructure. In contrast, TN spectrum is frequently underutilized in rural

and remote areas due to sparse populations and limited demand. Furthermore, deploying

TN backhaul infrastructure in such regions may pose challenges due to geographical con-

straints and economic ine�ciency. Consequently, these areas may su�er from insu�cient TN
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connectivity meanwhile the TN spectrum is wasted.

Therefore, thanks to the ubiquitous advantage of SatNets, satellites can provide backhaul

links for TNs or direct-to-device (D2D) connectivity to enhance and expand network coverage.

Furthermore, coordinated spectrum sharing and resource management between the TN and

SatNet can improve spectrum e�ciency and boost overall system throughput. Driven by ef-

forts of standardization bodies such as the International Telecommunication Union (ITU), 3rd

Generation Partnership Project (3GPP), U.S. Federal Communications Commission (FCC),

and European Space Agency (ESA), spectrum sharing between networks is increasingly being

implemented to enhance utilization e�ciency. The spectrum sharing regulations are described

in Section 1.1.3.

1.1 Background

Traditionally, Satellite Communication (SatCom) has primarily focused on providing dedi-

cated satellite services, such as Fixed Satellite Services (FSS) and Mobile Satellite Services

(MSS). This includes o�ering internet connectivity to maritime, aerial, and terrestrial ter-

minals, as well as enabling media broadcasting services [7]. However, spurred by the afore-

mentioned user demands and emerging service requirements, SatCom is now evolving beyond

these conventional roles to support the evolving 5G network. In particular, Non-Terrestrial

Networks (NTN), which encompass SatNets, are actively being studied and standardized to

support 5G New Radio (NR) [8, 9]. This strategic shift is further underscored by the sig-

ni�cant attention garnered by the integration of SatNets with Terrestrial Networks (TNs),

a development that leverages the complementary strengths of both systems, as previously

discussed. In the context of this thesis focusing on ISTN scenarios supporting 5G NR, this

section �rst provides the basic background of SatCom systems, especially satellite integra-

tion for 5G. Subsequently, ISTN scenarios are discussed. Especially, there exist cases where

SatNets and TNs share the same frequency band. Hence, regulations relevant to spectrum

sharing between SatNet and TN systems are subsequently examined.

Within the scope of this thesis, which speci�cally investigates ISTN scenarios supporting

5G NR, this section establishes the relevant foundational background. Initially, the funda-

mental aspects of SatCom systems, with a particular focus on satellite integration for 5G, are

presented. This is followed by discussions on various ISTN scenarios. Given the prevalence of
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ISTN instances where SatNets and TNs operate in shared spectrum, the relevant regulations

pertaining to spectrum sharing between these systems are subsequently described.

1.1.1 Satellite Integration for 5G

SatCom System Architecture

A typical satellite communication system comprises three primary components: the space

segment, which includes the satellite constellation; the ground segment, consisting of gateway

(GW) stations; and the user segment, which involves user terminals deployed on both �xed

and mobile platforms, as illustrated in Fig. 1.2. These components are interconnected through

various types of communication links, which are de�ned as follows:

� Feeder link: The communication link between ground gateway stations and satellites.

� User link (or service link): The communication link between satellites and UEs.

� Forward link: The link direction from GW to UEs via satellites.

� Return link: The link direction from UEs to GW via satellites.

� Inter-satellite link (ISL): The link connecting satellites to each other.

In the context of SatCom systems, the term user equipment (UE) generally refers to ei-

ther 3GPP-compliant devices or very small aperture terminals (VSATs). Depending on the

deployment scenario, satellite UEs may serve as end-user terminals or as relay nodes, such
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as terrestrial base stations. To further enhance the performance and �exibility of satellite

constellations, ISLs can be employed, enabling multiple satellites to cooperate in executing

complex tasks. ISLs also help reduce ground segment complexity by enabling communication

between ground gateways (GWs) through any satellite in the constellation via ISLs. ISLs can

be implemented using either traditional radio frequency (RF) or optical wireless communi-

cation. These links may be established between satellites within the same orbital plane or

across di�erent orbital planes, supporting more robust and adaptive network topologies.

This thesis speci�cally investigates providing services to end-users through both TNs and

SatNets. Consequently, the primary contributions of this work are centered on the service

link within the SatNet.

Satellite Payload Types: In SatCom systems, satellite platforms are typically equipped

with either transparent or regenerative payloads. In a transparent (or bent-pipe) payload con-

�guration, the satellite performs basic signal processing tasks such as RF �ltering, frequency

conversion, and ampli�cation, without altering the baseband content. In contrast, regenera-

tive payloads incorporate more advanced processing capabilities, including on-board execution

of gNB (gNodeB) functions, allowing the satellite to demodulate, decode, and regenerate the

signal before retransmission. A more detailed discussion of these satellite architectures is

provided in subsequent sections.

Satellite Network Platform Types

SatNet platforms are typically categorized based on orbital altitude, each exhibiting distinct

characteristics such as orbit type and beam footprint size. The primary SatNet classi�cations

include Geostationary Earth Orbit (GEO), Medium Earth Orbit (MEO), Low Earth Orbit

(LEO), and Highly Elliptical Orbit (HEO) satellites, as summarized in Table 1.1. Among

these, GEO, MEO, and LEO represent the three basic satellite orbit types.

A GEO satellite is capable of covering approximately one-third of the Earth's surface,

excluding polar regions. Therefore, a GEO constellation can cover more than 99% of the global

population and economic activity. In contrast, LEO and MEO satellites, due to their lower

altitudes and relative motion with respect to the Earth's surface, require larger constellations

to achieve such global coverage and to ensure continuous service. Unlike these three orbits,

which are typically circular, certain applications utilize elliptical orbits with high eccentricity,

commonly known as Highly Elliptical Orbits (HEO). These elongated orbits o�er the bene�t
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Table 1.1: Types of Satellite Orbits [8]

Platforms Altitude range Orbit Typical beam footprint size

LEO satellite 300 - 1500 km Circular around the earth 100 - 1000 km

MEO satellite 7000 - 25000 km Circular around the earth 100 - 1000 km

GEO satellite 35786 km Fixed projection on earth 200 - 3500 km

HEO satellite 400 - 50000 km Elliptical around the earth 200 - 3500 km

of prolonged dwell times over speci�c regions during the satellite's ascent to, and descent

from, apogee.

Among various satellite orbits, LEO has recently garnered signi�cant attention. While

LEO satellites inherently introduce high dynamics into the SatNet due to their rapid move-

ment, they o�er unique advantages such as low latency connectivity and high channel capacity

due to their relatively low altitude compared to other orbits. Consequently, LEO satellites

are predominantly considered in ISTN systems, as evidenced by recent studies [10�17].

Satellite Beam Con�gurations

A satellite cell is de�ned as the ground area illuminated by a satellite's beam footprint. These

cells can be categorized into three main types based on their dynamic characteristics:

� Earth �xed beam: This type of beam footprint remains geographically constant over

time. It is the typical con�guration for GEO satellites, where the satellite's �xed position

relative to the Earth's surface ensures continuous and static illumination of a speci�c

ground area.

� Quasi-Earth �xed beam: Primarily employed by NGSO satellites, such as those

in the LEO and MEO, equipped with steerable antennas. These antennas enable the

beam to be directed towards and maintain coverage over a �xed geographical point on

the ground for the duration of the satellite's visibility, typically lasting several minutes.

While the illuminated area remains �xed, the beam's shape may dynamically adjust

with the NGSO satellite's movement.

� Moving-Earth �xed beam: Also typically deployed on NGSO (MEO/LEO) satellites,

but utilizing non-steerable antennas. As the satellite moves, its beam continuously

sweeps across the geographical area on the ground. This results in dynamic, shifting

geographical cells that track the satellite's trajectory.
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Figure 1.3: SatNet RAN architecture with transparent satellite [8, 18].

In the context of ISTNs involving LEO satellites, quasi-Earth �xed beam or moving-Earth

�xed beam con�guration can be utilized. Given the ability of steerable antenna, a quasi-

Earth �xed beam con�guration o�ers �exibility, enabling longer coverage time. However,

this con�guration also introduces complexity in the system, which requires a complicated

beam management mechanism. In contrast, the moving-earth �xed beam con�guration can

operate with a lower complexity. Additionally, although the illuminated beam cell is non-

steerable and moving along the satellite movement, the coverage can still be ensured for a

su�cient constellation size. Hence, this con�guration is adopted in many recent works such

as [10�13,15].

SatNet-based RAN Architecture

Based on 3GPP TS 38.821 [8], this section presents di�erent SatNet-based RAN architecture

types that involve the transparent, representative gNB, and representative gNB-DU (Dis-

tributed Unit) satellite payloads.

RAN architecture with transparent payload: In a transparent payload con�guration

as depicted in Fig. 1.3, the satellite performs frequency conversion and RF ampli�cation

for both uplink and downlink directions, e�ectively functioning as an analog RF repeater.

Consequently, the satellite relays the NR-Uu radio interface between the feeder link and the

service link, without terminating the NR-Uu interface. The satellite radio interface (SRI) used

on the feeder link is NR-Uu, indicating that the satellite merely forwards the interface rather

than processing it. All necessary functions for handling the NR-Uu interface are supported by

the GW on the ground. Furthermore, multiple transparent satellites can be associated with

a single ground-based gNB, enabling �exible and scalable network deployments.

RAN architecture with representative gNB payload: In this context, the satellite

payload is equipped with signal regeneration capabilities for transmissions received from Earth

as depicted in Fig. 1.4. Speci�cally, the following radio interfaces are involved:
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Figure 1.4: SatNet RAN architecture with representative satellite - gNB payload [8, 18].

Figure 1.5: SatNet RAN architecture with representative satellite - gNB-DU payload [8, 18].

� NR-Uu: The standard radio interface used on the service link between the UE and the

satellite.

� Satellite Radio Interface (SRI) over the feeder link between the SatNet GW and the

satellite.

The SRI is the transport link for communication between the SatNet GW and the satel-

lite. In addition to these interfaces, the satellite payload supports ISLs, which enable direct

communication between satellites.

RAN architecture with representative gNB-DU payload: The NG-RAN logical

architecture with CU and DU functional split, as de�ned in 3GPP TS 38.401, serves as the

reference framework for NTN scenarios. In this architecture as depicted in Fig. 1.5, the

satellite payload performs signal regeneration for transmissions received from Earth. The

system incorporates the following interfaces:

� NR-Uu: The radio interface between the satellite and the UE, used on the service link.

� SRI on the feeder interface between the satellite and the SatNet GW, responsible for

carrying the F1 protocol.

The SRI serves as a 3GPP-speci�ed transport link for the logical F1 interface, enabling com-

munication between the CU and DU. The SatNet GW is a transport network layer node

and supports all necessary transport protocols for enabling this connectivity. Moreover, the

satellite payload can support ISLs for communication between satellites.



Introduction 9

Gateway

S
e
rv

ic
e
 L

in
kF

e
e
d
e
r 

L
in

k

Base-station

(a) Satellite-based backhaul link case.

Gateway

S
e
rv

ic
e
 L

in
kF

e
e
d
e
r 

L
in

k

Base-station

(b) Direct-to-Device case.

Figure 1.6: Typical ISTN scenarios.

1.1.2 Integrated satellite terrestrial networks

This section provides typical use cases of SatNet in ISTNs which are proposed and discussed

by 3GPP and ETSI in [8, 19�21]. Particularly, as depicted in Fig. 1.6, two primary ISTN

scenarios are identi�ed: (i) satellites serving as a backhaul link for TN systems and (ii)

satellites enabling D2D connectivity for UEs.

Satellite-based backhaul scenario

In rural or remote areas, the deployment of TNs is often challenging or impractical, primarily

due to the di�culties associated with establishing backhaul links. These challenges arise

from geographic constraints, such as mountainous terrain or sparse infrastructure, as well as

economic ine�ciencies, that make such deployments cost-prohibitive. Given their inherent

advantages of ubiquitous coverage, wide-area reach, and high capacity, satellites o�er a viable

solution by providing backhaul links for base-stations (BSs) in these underserved regions as

depicted in Fig. 1.6a. To meet the high-capacity requirements of such backhaul links, satellite

communications in these scenarios typically operate over high-frequency bands, such as the

Ku-band or Ka-band.

Direct-to-Device scenario

Satellites can enable D2D connectivity for UEs, including both handheld and vehicle devices,

thereby enhancing network coverage and alleviating tra�c load on TNs, as illustrated in

Fig. 1.6b. In such ISTN scenarios, satellites and terrestrial BSs can jointly serve UEs on

the ground, o�ering improved service continuity and reliability. Furthermore, as explored in
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ISTN use cases studied by 3GPP [9], MediaTek [22], and the US Federal Communications

Commission (FCC) [23], SatNets may operate in the same or adjacent frequency bands as

TNs. This co-frequency or adjacent-band operation forms the coexistence of SatNet and TN.

1.1.3 Spectrum Sharing Band

Regarding the industrial perspective, this section outlines the current and expected spectrum

regulations across various frequency bands relevant to TN and SatNet coexistence in the D2D

ISTN scenarios described above. Speci�cally, it examines the coexistence of satellite services

and 5G New Radio (NR) within the mid-band, upper mid-band, and high-band frequency

ranges.

Mid-Band

The mid-band spectrum is the frequency in the range of 1−6 GHz. Mid-band spectrum is seen

as the perfect frequency range for 5G since it can provide high data speed at a signi�cantly long

distance, o�ering a balance between coverage and capacity. Hence, the mid-band spectrum is

widely designed in the world for 5G, and is described as the ideal spectrum for 5G by GSMA.

This section describes the spectrum sharing in L, S, and C bands in the regulation aspects.

L-Band: In L-band (1 − 2 GHz), regarding the 5G NR standard, there are many de�ned

NR bands in L-band. Regarding the spectrum sharing system aspect, Table 1.2 presents

the NR bands for TNs and non-TNs (NTNs) which are overlap or adjacent. It is noted that

bands n254 and n255 are de�ned to be used for 5G NR NTN. Regarding the spectrum sharing

between satellite and terrestrial networks, the NTN band n255 and TN bands n24 and n99

fully overlap in both transmission and in uplink, respectively. Additionally, NTN band n254 is

adjacent to TN bands n24 and n99 in the uplink. In summary, the spectrum sharing between

5G NR bands for TN and NTN systems in the L-band can be illustrated in Figure 1.7. The

utilization of these bands can cause interference and adjacent channel leakage power, which

need to be managed in the spectrum-sharing system.

S-Band: The S-band is de�ned as the frequency range from 2 − 4 GHz. Currently, the

S-band is widely used to provide terrestrial mobile services. In the context of 5G NR, there

are many bands de�ned for TNs in 3GPP TS 38.104 [24]. Recently, under the development

of NTN 5G NR, bands n256 (both DL and UL) and n254 DL have been de�ned in 3GPP TS

38.101-5 [25]. In particular, Table 1.3 shows the de�ned 5G NR bands for NTNs and TNs in
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Table 1.2: Overlap and adjacent TN and NTN NR-bands in L-band.

Band
Downlink frequency

range (MHz)
Uplink frequency
range (MHz)

Duplex mode Note

n24 1525 - 1559 1626.5 - 1660.5 FDD TN
n99 1626.5 - 1660.5 SUL TN
n254 2483.5 - 2500 (S-band) 1610 - 1626.5 FDD NTN
n255 1525 - 1559 1626.5 - 1660.5 FDD NTN

Figure 1.7: Spectrum sharing between 5G NR bands for TNs and NTNs in L-band.

the S-band frequency range.

Regarding the spectrum-sharing aspect between TN and NTN systems, we focus on the

overlap and adjacent bands that are de�ned for TNs and NTNs. The overlap and adjacency

of the TN and NTN band in the S-band can be depicted in Figure 1.8. It can be seen that

the NTN bands overlap and are adjacent to many TN bands, which can potentially cause

harmful interference in the spectrum-sharing ISTNs. For instance, band n256 UL is fully

overlapped with bands n65 UL and partially overlapped with bands n70 DL, n25 DL, and n2

DL, while it is adjacent to bands n95 SDL, n34, and n1 UL. Additionally, band n256 DL fully

overlaps with bands n66 DL and n65 DL, while it is adjacent to band n1 DL. Depending on the

scenario, the interference in spectrum-sharing ISTNs in the S-band may be critical due to the

overlapped bandwidth portion, and even the adjacency between bands due to the aggregated

interference in large-scale system. The interference due to adjacent channel leakage power in

the coexistence of TN and NTN is also studied in 3GPP TR 38.863 [9].

C-band: The IEEE de�nes the C-band as ranging 4−8 GHz, while the US FCC de�nes it

as 3.7 to 4.2 GHz. Previously, the C-band was allocated exclusively for �xed-satellite services

(FSS) in many countries, such as Europe and the United States. However, due to spectrum
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Figure 1.8: Spectrum sharing between 5G NR bands for TNs and NTNs in S-band.

Table 1.3: NR-bands in S-band.

Band
Downlink frequency

range (MHz)
Uplink frequency
range (MHz)

Duplex mode Note

n1 2110 - 2170 1920 - 1980 FDD TN
n7 2620 - 2690 2500 - 2570 FDD TN
n30 2350 - 2360 2305 - 2315 FDD TN
n34 2010 - 2025 2010 - 2025 TDD TN
n38 2570 - 2620 2570 - 2620 TDD TN
n40 2300 - 2400 2300 - 2400 TDD TN
n41 2496 - 2690 2496 - 2690 TDD TN
n48 3550 - 3700 3550 - 3700 TDD TN
n53 2483.5 - 2495 2483.5 - 2495 TDD TN
n65 2110 - 2200 1920 - 2010 FDD TN
n66 2110 - 2200 1710 - 1780 FDD TN
n70 1995 - 2020 1695 - 1710 FDD TN
n90 2496 - 2690 2496 - 2690 TDD TN
n95 2010 - 2025 SUL TN
n97 2300 - 2400 SUL TN
n254 2483.5 - 2500 1610 - 1626.5 (L-band) FDD NTN
n256 2170 - 2200 1980 - 2010 FDD NTN

scarcity, TNs are now utilizing the C-band for terrestrial mobile services.

In addition to spectrum scarcity, the evolution of ISTNs has led to signi�cant interest in

using the C-band for 5G mobile services in both TNs and NTNs. In Europe, the C-band,

spanning 400 MHz (3.4 − 3.8 GHz), is the primary band used for 5G systems for balancing

the coverage and data speed [26]. In the US, the FCC has decided to reallocate 280 MHz of

the C-band (3.7− 3.98 GHz) for 5G systems and 20 MHz for a guard band [27]. However, the
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coexistence of 5G and satellite systems in the C-band raises potential cross-system interference

issues, as studied in recent works such as [28,29]. In addition, the interference channel between

satellites and TNs has also been studied recently in [30]. Subsequently, the co-primary use

between TNs and NTNs in the spectrum-sharing ISTNs has been studied in [31] wherein the

resource allocation problem is considered. Regarding the 5G NR standard, 3GPP has de�ned

sub-bands n77 and n78 within the C-band [25] accessible in many systems.

Regarding the industrial vision, the SES satellite company has recently proposed the

spectrum pairing options of DL and UL transmissions for NTN systems [32]. Particularly,

while the band 3.4 − 3.7 GHz in the C-band can be used for the NTN DL transmission, the

NTN UL one can operate in: 1) existing NTN bands in L or S bands, 2) band 3.7 − 4.2 GHz,

3) band 3.4 − 3.7 GHz, and 4) band 5.925 − 7.025 GHz. As can be foreseen, opening C-band

access will play a signi�cant role in future ISTNs.

Upper Mid-Band

The upper mid-band spectrum, ranging approximately from 7 to 24 GHz, is designated as

Frequency Range 3 (FR3) by the 3GPP, also called the centimeter wave (cmWave) band. This

band is considered promising for balancing coverage and bandwidth, addressing the spectral

limitations of mid-bands while o�ering better propagation and penetration than mmWave fre-

quencies [33]. Consequently, it has recently garnered signi�cant attention for commercial cel-

lular communications and is regarded by the industry as a prime candidate for next-generation

wireless networks. However, it also necessitates considering the e�ect on the incumbent sys-

tem on this band [34, 35]. Regarding these potential bene�ts, 3GPP has initiated studies on

these bands [36]. Furthermore, the Federal Communications Commission has also identi�ed

the upper mid-band as crucial for meeting the rapid growth of data and service demands [37].

In the context of the United States, regarding the use of the 12 GHz band for TNs,

the FCC released proposals and notices for the 12.2 − 12.7 GHz band in 2021 and for the

12.7 − 13.25 GHz band in 2022 [38, 39]. These notices sought comments on adding 500 MHz

for TNs in the 12.2 − 12.7 GHz band and on using TNs to improve spectrum utilization in

the 12.7 − 13.25 GHz band while protecting incumbent users. Subsequently, in May 2023,

the FCC unanimously voted to adopt new rules for the 12.2 − 13.25 GHz band. These rules

propose using certain services in the 12.7 − 13.25 GHz band and seek comments on sharing

options for the 12.2 − 12.7 GHz band.
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Table 1.4: NR operating bands in FR2-TN [24].

Band
Uplink/Downlink

operating band (MHz)
Duplex mode

n257 26500 - 29500 TDD

n258 24250 - 27500 TDD

n259 39500 - 43500 TDD

n260 37000 - 40000 TDD

n261 27500 - 28350 TDD

n262 47200 - 48200 TDD

n263 57000 - 71000 TDD

Regarding existing systems, incumbents operate in the 12.2 − 13.25 GHz band. Speci�-

cally, the 12.2 − 12.7 GHz portion hosts broadcasting satellite service (BSS) including direct

broadcast satellite (DBS) with the highest priority, non-geostationary FSS (NGSO FSS), and

�xed service (FS). Additionally, the 12.7 − 13.25 GHz band includes FS, FSS, and mobile

services (MSs), although usage in this portion is more sparse.

Subsequently, after reviewing comments from various stakeholders, the use of high-power

terrestrial mobile broadband in the 12.2 − 12.7 GHz band was declined due to the potential

for critical harmful interference with incumbent users. Conversely, a notice was released to

explore the possibility of repurposing some or all of the 12.7−13.25 GHz band for high-power

terrestrial mobile services, indicating that this band could be used for future TNs. However,

despite the sparse utilization of the 12.7− 13.25 GHz band, high-density deployment of high-

power TNs could cause critical harmful interference with incumbent satellite services in this

band or even in adjacent bands. This highlights the necessity of managing interference between

ISTN systems in this band.

High-band

The high band in range 24−40 GHz includes the portions of Ka-band (26−40) GHz, FR2-TN

(24−71) and the FR2-NTN (17−30) GHz, respectively. This band consists of the co-existence

of satellite, TN 5G NR, and NTN 5G NR services. Currently, there are many FSSs in this

band, which are provided through 17.7 − 21.2 GHz in DL and 27.5 − 31 GHz in UL. On the

other hand, regarding the 5G NR FR2, many bands are also shared with FSS around the

frequencies of 18 GHz and 28 GHz.

First, the de�ned bands in 5G NR FR2 for TNs [24] are described as in Table 1.4. Com-

pared the operation band between FSS in Ka-band and FR2 for TNs, it can be seen that the
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Table 1.5: NR operating bands in FR2-NTN [25].

Band
Uplink (UL)

operating band (MHz)
Downlink (DL)

operating band (MHz)
Duplex mode

n512 27500 - 30000 17300 - 20200 FDD

n511 28350 - 30000 17300 - 20200 FDD

n510 27500 - 28350 17300 - 20200 FDD

Figure 1.9: Spectrum sharing between FSS, 5G NR TNs and NTNs in high-band.

spectrum around the frequency of 28 GHz is shared between the uplink transmission of satel-

lite services and the bands in 5G NR FR2-TN. In particular, the FSS uplink band 27.5 − 31

GHz overlaps with bands n257 and n261, and is adjacent to band n258.

Besides, the operation bands in 5G NR FR2-NTN [25] are listed as Table 1.5. Di�erence

from the bands in FR2-TN whose duplex mode is time-division-duplexing (TDD), that of

bands in FR2-NTN is frequency-division-duplexing (FDD). In addition, these bands share

the spectrum with FSS in both UL and DL. In particular, the FSS UL band 27.5 − 31 GHz

fully overlaps with bands n510 and n512, and partially overlaps with band n511. On the other

hand, the FSS DL band 17.5 − 21.2 GHz partially overlaps with all bands in FR2-NTN.

In addition, compared to the 5G FR2 bands for NTNs and TNs, the spectrum around 28

GHz is shared between UL NTN bands and TN bands. For instance, the UL band of NTN

band n512 fully overlaps with TN bands n257 and n261, and is adjacent to NTN band n258,

while the UL band of NTN band n511 partially overlaps with TN bands n257 and n258. In

summary, the spectrum sharing between FSS, 5G NR TNs, and NTNs in the high-band can

be illustrated in Figure 1.9. Due to the overlap and adjacent allocation among frequency

bands, both co-channel and adjacent band interference need to be analyzed and addressed in

the spectrum-sharing system.



16 Chapter 1

1.2 Motivation and problem statement

According to the bene�ts of integrating TN and SatNet systems as mentioned above, ISTNs

have emerged as a promising solution to leverage the strengths of both systems and enable

e�ective coordination between them, thereby enhancing overall system performance. Further-

more, the LEO satellites provide unique advantages beyond ubiquitous and global connectivity

thanks to their low altitude. These include reduced communication latency, improved chan-

nel capacity, and lower launch costs compared to MEO and GEO satellites. As a result, the

integration of LEO satellites into TNs has garnered signi�cant attention from both industry

and academia.

However, the wide-area coverage provided by satellites in ISTNs introduces signi�cant het-

erogeneity, stemming from diverse terrestrial environments and geographically uneven tra�c

demand, which complicates resource management. Furthermore, the inherent movement of

LEO satellites poses dynamic system behavior, introducing further challenges to network

management. Additionally, in D2D ISTN scenarios, where TN and SatNet may operate in

the same frequency band, the coexistence further poses complex cross-system interference

management challenges.

Addressing these challenges necessitates a careful study of various technical issues. To

e�ciently deliver tra�c demands under system constraints, the following technique issues

must be addressed:

� BW allocation: To adapt to uneven and dynamic tra�c demands, appropriate BW

allocation is crucial across services and between TN and SatNet systems. In satellite-

based backhaul scenarios, BW allocation among backhaul links is particularly important

to match link capacity with tra�c demand across TN cells.

� Link association: In a su�ciently dense deployment, multiple options exist for estab-

lishing connections between nodes. Therefore, optimal UE-BS, UE-LSat, and BS-LSat

associations are essential.

� Ensuring seamless connectivity: While the ISTN is envisioned as an enabler of seamless

connectivity, the inherent LSat movement introduces dynamic issues, especially in com-

plex environments like urban areas. Ensuring seamless connectivity with a minimum

connection state transition in such scenarios is crucial.
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� RB assignment: E�ective RB assignment helps mitigate interference and aligns resource

allocation with real-time tra�c needs.

� Power control: Managing transmission power is crucial not only for limiting interference

but also for optimizing energy e�ciency and link reliability.

� Tra�c management: Splitting and steering user tra�c across optimal transmission paths

enhances network e�ciency and performance.

Addressing these technical issues requires an in-depth investigation of complex and inter-

dependent design problems. Despite progress in the literature [10�17, 40�48], several critical

research gaps remain in addressing the above challenges in a holistic and practical manner.

This thesis focuses on three challenging problems, each representing a subset of the above

issues and arising from typical ISTN scenarios discussed in the previous sections, as follows:

1. Backhaul link BW allocation and two-tier UE association.

2. Throughput enhancement and seamless handover in 5G-ISTN systems

3. Resource management in dynamic spectrum sharing ISTNs. These problems are brie�y

outlined in the following subsections.

Problem 1: Backhaul-Link BW Allocation and Two-Tier UE Association

This problem focuses on satellite-based backhaul links within ISTN scenarios. Faced with

the challenges of deploying terrestrial backhaul in remote or rural areas, LEO satellites are

deployed to provide backhaul connectivity for TNs. In these scenarios, the LEO satellite

movement poses signi�cant challenges to system management. These challenges arise from

dynamic network topology and time-varying backhaul link capacity. In the uplink transmis-

sion context, UEs �rst transmit their data demand to BSs, then BSs forward this data to

LEO satellites via satellite-based backhaul links. Moreover, the limited coverage duration

of each LEO satellite necessitates that UE data should be transmitted within the shortest

possible time. Therefore, to e�ciently transmit UE data demand, it is essential to minimize

the overall transmission time by jointly optimizing two-tier UE-BS and BS-LEO satellite as-

sociations as well as BW allocation for the backhaul link, in addition to power allocation and

TN sub-channel (SC) assignment.
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Problem 2: Throughput Enhancement and Seamless Handover in C-Band 5G-

ISTN Systems

This problem investigated the D2D ISTNs supporting vehicle UEs. In such D2D ISTN

scenarios, UEs can establish direct connections with LEO satellites. As outlined in Sec-

tion 1.1.3 regarding the spectrum regulation and envision, TN and SatNet can operate in

the same frequency band. This coexistence, particularly in the C-band as supported by the

US FCC [23, 27], enables seamless connectivity for UEs capable of accessing both TN and

SatNet systems. However, such coexistence also introduces the critical issue of cross-system

interference between the two network types.

In addition, due to the wide coverage area of LEO satellites, the underlying terrestrial

environment varies signi�cantly within the satellite footprint, especially in complex environ-

ments like urban areas. Managing such geographical heterogeneity is crucial for ensuring

e�cient network operation. In such dynamic ISTNs, especially in urban cases with mobile

UEs (e.g., vehicle UEs), connection changes are required to maintain high throughput. To this

end, the second problem focuses on maximizing sum-rate and minimizing the number of con-

nection changes to reduce signaling overhead, while accounting for cross-system interference

and environmental impacts on UE channel conditions.

Problem 3: Resource Management in Dynamic Spectrum Sharing ISTNs

In spectrum sharing ISTNs, alongside frequency bands exclusively allocated to TNs and Sat-

Nets, both systems can also co-primarily operate in a shared spectrum band to serve UEs

capable of supporting both connectivity types. However, traditional �xed spectrum allocation

strategies may result in ine�cient spectrum utilization, as discussed earlier in this chapter.

When coupled with spatially and temporally uneven UE tra�c demand, such ine�ciencies

can lead to network congestion. Assuming UEs support multi-connectivity, their tra�c can be

split and dynamically routed to suitable access nodes. To ensure e�cient tra�c delivery, the

third problem extends beyond UE association, resource block (RB) assignment, and power

control by also jointly optimizing BW slicing across services and systems, along with tra�c

steering decisions, with the objective of minimizing overall system congestion.
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1.3 Thesis Outline and Contributions

The remainder of this thesis is organized into four chapters. Speci�cally, Chapters 2, 3, and

4 present the core contributions of this thesis, each addressing one of the three problems

in ISTNs as outlined in Section 1.2. Chapter 5 concludes the thesis and outlines potential

directions for future research. These chapters are summarized as follows.

Chapter 2: Joint Two-tier User Association and Resource Management for ISTNs.

This chapter aims to address Problem 1: Backhaul-Link BW Allocation and Two-Tier

UE Association, as outlined previously. In particular, this work studies a time-window-

based two-tier association and RA framework for the ISTNs. Speci�cally, the core objective

is to minimize the total time required to transmit all UE's data to the LEO constellation.

The optimization problem jointly considers several critical technical aspects including UE-BS

and BS-LEO associations, subchannel allocation, transmission power control, and bandwidth

management. Subsequently, two tailored algorithms, one centralized and one decentralized,

are designed to carefully address the problem ensuring optimal operation. Numerical results

validate the e�ectiveness of the proposed methods, demonstrating superior performance in

minimizing transmission time compared to conventional benchmark schemes. The material

presented in this chapter has been partially published in [49�51].

[49] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �Joint Two-tier

User Association and Resource Management for Integrated Satellite-Terrestrial Net-

work�, in IEEE Transactions on Wireless Communications, vol. 23, no. 11, pp. 16648-

16665, Nov. 2024

[50] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �Two-Tier User

Association and Resource Allocation Design for Integrated Satellite-Terrestrial Net-

works�, in Proc. 2023 IEEE International Conference on Communications Workshops

(ICC Workshops), Rome, Italy, 2023, pp. 1234-1239.

[51] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �LEO-to-User

Assignment and Resource Allocation for Uplink Transmit Power Minimization�, in Proc.

IEEE WSA & SCC 2023, Braunschweig, Germany, 2023, pp. 1-6.
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Chapter 3: Enhanced Throughput and Seamless Handover Solutions for 5G-

ISTNs.

This chapter aims to address Problem 2: Throughput Enhancement and Seamless

Handover in C-Band 5G-ISTN Systems, as outlined above. In particular, this work

studies a time-window (TW)-based user association and power control mechanism for ISTNs in

urban environments wherein TNs and SatNets use the same RFB in the C-band. Speci�cally,

a multi-objective of max-sum-rate (SR) and min-connection-state-change (CC) is considered.

Especially, to consider the impact of environmental characteristics on channel condition, the

utilized channel and antenna models are compatible with the ray-tracing (RayT) mechanism

and the actual 3D maps. To solve the optimization problem e�ciently, an iterative algorithm

is proposed based on the SCA technique. For practical implementation aspects, a prediction-

based algorithm is further proposed. Numerical results demonstrate the superiority of the

proposed algorithms over benchmark schemes in addressing the joint SR-CC optimization

problem. The contents of this chapter have been extracted and disseminated through [30,31,

52].

[52] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �Enhanced

Throughput and Seamless Handover Solutions for Urban 5G-Automotive Supported

C-band Integrated Satellite-Terrestrial Networks�, in IEEE Transaction on Communi-

cations, July 2025.

[30] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �An Experimen-

tal Study of C-Band Channel Modeling in Integrated Satellite and Terrestrial Systems�,

in Proc. IEEE International Mediterranean Conference on Communications and Net-

working (MeditCom), Madrid, Spain, 2024.

[31] H. Nguyen-Kha, V. N. Ha, E. Lagunas, S. Chatzinotas, and J. Grotz, �Seamless 5G

Automotive Connectivity with Integrated Satellite Terrestrial Networks in C-Band�, in

Proc. IEEE 100th Vehicular Technology Conference (VTC2024-Fall), Washington DC,

USA, Oct. 2024.

Chapter 4: Digital-Twin-based Resource Management for ISTNs.

This chapter aims to address Problem 3: Resource Management in Dynamic Spec-

trum Sharing ISTNs, as described previously. In particular, motivated by the challenges
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discussed above and the D2D connectivity scenarios promoted by the ESA and U.S. FCC, this

work studies novel digital-twin (DT)-aided dynamic spectrum sharing (DSS) mechanisms for

ISTNs supporting D2D connectivity, where TNs and SatNets share the same 5G-NR RFBs.

Given the uneven tra�c demand across services and systems, the objective is to minimize sys-

tem congestion by enhancing spectrum utilization through DSS and e�cient radio resource

management (RRM). Based on this model, two resource allocation (RA) optimization prob-

lems are formulated: (i) joint-RA, which leverages DT-predicted information, and (ii) re�ne-

ment, which adjusts decisions using real-time system feedback. Correspondingly, two e�cient

algorithms aligned with the proposed system architecture are developed to solve these prob-

lems. Numerical results demonstrate that the proposed algorithms signi�cantly outperform

conventional greedy and heuristic benchmarks in reducing system congestion. The contents

of this chapter have been extracted and disseminated through [53,54].

[53] H. Nguyen-Kha, V. N. Ha, T. T. Nguyen, E. Lagunas, S. Chatzinotas, and J. Grotz,

�Digital-Twin-Aided Dynamic Spectrum Sharing and Resource Management in Inte-

grated Satellite-Terrestrial Networks�, submitted to IEEE Journal on Selected Areas in

Communications, 2025.

[54] H. Nguyen-Kha, V. N. Ha, T. T. Nguyen, E. Lagunas, S. Chatzinotas, and J. Grotz,

�DT-Aided Resource Management in Integrated Satellite-Terrestrial Networks�, in Proc.

2025 IEEE Global Communications Conference (GLOBECOM), Taiwan, Dec. 2025.

Chapter 5: Conclusions and Future Work.

This chapter presents a concise summary of the thesis's three main contributions and their

corresponding conclusions. Furthermore, it discusses potential extensions of the current work

and identi�es open directions for future research.
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Joint Two-tier User Association and

Resource Management for ISTNs

T
HIS chapter investigates the uplink transmission of an integrated satellite-terrestrial

network, wherein the LEOSats provide backhaul services to isolated cellular BSs for

forwarding mobile UE data to the core network. In this integrated system, the high mobility

of LSats introduces signi�cant challenges in managing RA, as well as the associations be-

tween UEs, BSs, and LSats for supporting users' demands e�ciently, while also dynamically

balancing the capacity of UE-BS access and BS-LEO backhaul links. Regarding these criti-

cal issues, the chapter aims to jointly optimize the two-tier UE-BS and BS-LSat association,

sub-channel assignment, bandwidth allocation, and power control to meet users' demands

in the shortest transmission time. This optimization problem, however, falls into the cat-

egory of mixed-integer non-convex programming, making it very challenging and requiring

advanced solution techniques to �nd optimal solutions. To tackle this complex problem e�-

ciently, we �rst develop an iterative centralized algorithm by utilizing convex approximation

and compressed-sensing-based methods to deal with binary variables. Furthermore, for prac-

tical implementation and to o�oad computation from the central processing node, we propose

a Dec-Alg that can be implemented in parallel at local controllers and achieve e�cient solu-

tions. Numerical results are also illustrated to strengthen the e�ectiveness of our proposed

algorithms compared to traditional greedy and benchmark algorithms.

22
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2.1 Introduction

Recent years have witnessed a rapid development of terrestrial networks (TNs), marked by an

increase in 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 tra�c demand and to satisfy various service requirements

such as massive connectivity, seamless connectivity, and high reliability across global coverage

[2�4,55,56]. 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 challenges, mainly due to the prohibitive costs associated with

implementing backhaul links connecting these BSs to the core network [57]. It becomes more

critical for the rural regions, suburban areas, mountainous terrains, and oceanic expanses

due to the low economic e�ciency [58]. 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 [3, 7, 51, 59].

Previously, the satellite-based connection was considered a last resort for cellular backhaul

due to bandwidth limitations and high costs; however, advancements in the satellite industry,

particularly non-geostationary satellite constellations and ground segment innovations, have

transformed satellite backhaul into a key solution, not only extending the mobile network

coverage but also supporting high-quality broadband connectivity. Compared to geostationary

(GEO) and medium-earth-orbit (MEO) systems, LSat constellations (including the very-low-

earth-orbit) demonstrate additional bene�ts for certain applications when connecting the

terrestrial BSs to the core network [60]. In particular, their lower altitude ensures lower latency

in data transmission which is suitable for applications requiring near-real-time communication

[61,62]. In addition, the lower altitudes which are equivalent to the higher channel gains, also

make LSats to be capable of supporting high data rate transmissions [61].

Despite the substantial advantages of global coverage, higher channel gain, and low trans-

mission latency, the integration of LSats and TNs also poses signi�cant challenges in dynamic

network management. Speci�cally, the inherent high mobility of LSats requires novel dynamic

association strategies to establish stable two-hop links between UEs, BSs, and LSats. In addi-

tion, the RA mechanism should be designed carefully to maintain user tra�c demands while

dynamically balancing the capacity of UE-BS access and BS-LEO backhaul links. The novel
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design should be well developed to ensure seamless handovers, manage power control, and

mitigate cross-interference among all terrestrial access points [7, 59]. Hence, jointly optimiz-

ing the transmission and association strategies for LEO-based ISTNs has raised an important

and challenging research topic.

2.1.1 Related Works

Recently, developing novel RA mechanisms for the ISTNs and user selection problems have

received signi�cant attention in research works [10�15,40�44]. Particularly, the authors in [40]

studied the service pricing and user selection problem, wherein evolutionary game-based

framework is proposed to solve the user-computation provider association problem under

the computation requirement of users. In [10] a LSat is deployed to assist the TNs for cache

o�oading, wherein power allocation, cache placement, and o�oading decisions are optimized

for energy-e�cient maximization. However, only one LSat is considered in this work. The au-

thors in [41] 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 speci�c frequency while

the terrestrial cells in its coverage reuse the frequency bands from other beams, however, only

power and bandwidth allocation are optimized. In [11], the authors considered an ISTN sup-

porting 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 LSat. This work aimed to

optimize the RA to minimize the completion time of each hop separately. However, the work

in [11] 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 trans-

mitted through two hops, i.e., UE-BS-LSat, and the aggregated data throughputs at each BS

and LSat 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 tra�c

at each BS and LSat and improve the end-to-end performance of an ISTN.

As a result, di�erent two-tier association and RA solutions for the ISTNs have been studied

in recent works [12�15, 42, 43]. In [42], a novel joint o�oading 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 LSat. In [43], a random

access service for UEs in an ISTN is studied wherein every UE can choose either the BS or the
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LSat 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 LSat is considered in the systems of [42, 43]. Next, the ISTNs

with multiple LSats were considered in [12,13]. Speci�cally, [12] aimed to maximize the sum

rate and also the number of served UEs in an ISTN wherein the LSats provide the backhaul

access service to TNs including a macro cell and several small cell BSs. To obtain the solution

to this multiple-object optimization problem, two matching algorithms were proposed. In

a di�erent approaching way, the authors in [13] 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 e�ectively. 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 [12, 13]. Furthermore, all [12, 13, 42, 43]

only focused on RA frameworks for the snapshot model at a speci�c time where the system

dynamic has not been investigated. Particularly, the high mobility of the LSats leads to

the dynamic of the system, especially the variance of backhaul link capacity between BSs

and LSats. 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 LSat's movement within a number of

time slots has been studied to develop dynamic RA mechanisms for the ISTNs in [14,15,44].

The authors in [14,15] discussed how the LSats use Ka-band to provide the backhaul link to

TNs pro�ciently. A three-dimensional LEO constellation optimization algorithm was proposed

to minimize the number of satellites under the seamless coverage and backhaul capacity

requirements over time windows. However, these works were analyzed without considering

the RA at the UE-BS tier. [44] 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

association, 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. Speci�cally, di�erent design aspects of the existing frameworks

studying two-tier UE-BS-LEO are summarized in Table 2.1. That motivates us to �ll the gap
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Table 2.1: Summary of works

Works Model Sat. No. Objective function QoS 2T
UA

SA TN PC NTN PC BWA

Ref. [42] Snapshot 1 Max sum-rate Rate-threshold ✓ ✗ ✗ ✗ ✗

Ref. [43] Snapshot 1 Max sum-rate Rate-threshold ✓ ✗ ✓ ✗ ✓

Ref. [12] Snapshot Multiple Max-rate & Num. served UEs None ✓ ✓ ✗ ✓ ✓

Ref. [13] Snapshot Multiple The revenue equilibrium None ✓ ✗ ✗ ✗ ✓

Ref. [15] Snapshot Multiple Min Num. used satellites Global coverage ✓ ✗ ✗ ✗ ✗

Ref. [44] Window-based Multiple Max sum-rate None ✓ ✗ ✗ ✓ ✗

Our work Window-based Multiple Min completion time User demand ✓ ✓ ✓ ✓ ✓

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

in this chapter.

2.1.2 Research Contributions

In this work, we study a time-window-based two-tier association 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-LSat. 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, subchannel 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 architecture, 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 o�oad 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.

� To deal with this di�cult problem, we propose two e�cient solutions by utilizing

compressed-sensing and successive-convex-approximation methods, namely centralized

and decentralized algorithms, which align two proposed network management approaches,

respectively. In particular, for the performance purpose, we develop the centralized algo-
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rithm 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 management to be optimized distributedly at local controllers with lim-

ited signaling between them. Consequently, we discuss how the decentralized algorithm

can be e�ciently implemented in the practical systems.

� For comparison purposes, we introduce a greedy-based algorithm and adapt an exist-

ing framework to suit our design requirements. The numerical results with practical

parameters show the superiority of the proposed algorithms compared to the two ref-

erence baselines. Furthermore, the small outcome gap between the centralized and

decentralized solutions also con�rms the e�ectiveness of distributed designs.

The preliminary result of this manuscript was presented in [50] where only the centralized

approach and the simple simulation were discussed. The rest of this chapter is organized as

follows. Section 2.2 introduces the system model and problem formulation. In Section 2.3, one

proposes two centralized and decentralized solution approaches. Next, benchmark algorithms

and complexity analysis are described in Section 2.4. Subsequently, the numerical results are

presented in Section 2.5 which is followed by the conclusion given in Section 2.6.

2.2 System Model and Problem Formulation

This work aims to study RA designs for the uplink transmission 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 speci�ed 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 [63,64]; hence, this work only focuses on two-hop transmission from

UEs to BSs, and from BSs to LSats. Let N ≜ {1, . . . , 𝑁} and K ≜ {1, . . . , 𝐾} be the sets of BSs

and UEs, respectively. For convenient, we further denote 𝑚−th LSat, 𝑛−th BS and 𝑘−th UE

as LEO𝑚, BS𝑛 and UE𝑘 , respectively. A multiple-time-slot transmission model is considered,

in which every UE, i.e., UE𝑘 , intends to transmit a data amount of 𝐷𝑘 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 �xed on the earth [65]. To sake simplicity, the
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beam coverage is assumed to be moving with the LSat. Furthermore, to reduce the complexity,

only the satellites in the constellation that can provide e�ective backhaul links to the BSs are

considered. Herein, the backhaul link from an LSat to a BS is marked as e�ective 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 �xed, i.e., without adaptive beamforming. Since LSats move, the

set LSats having e�ective links to the BSs varies over time. Let M𝑡 ≜ {1, . . . , 𝑀𝑡 } 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

LSats 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 [66], 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 [8,66,67]. On the other hand, the impact of link disruption

and delay-requirement are discussed later in the numerical results.

2.2.1 Network Management Operation

A vision of ISTN architecture in this work is illustrated by Fig. 2.1. One assumes that the

cellular BSs are deployed in clusters due to speci�c 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 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.

� In the decentralized structure, the distributed network operation can be processed by

LCs with minimized information signaling among them via the central unit.
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Figure 2.1: System architecture of the ISTNs.

2.2.2 Channel Model

In this section, we discuss the channel models of the UE access links and the Ka-band backhaul

links. The channel coe�cient from BS𝑛 to LEO𝑚 is modeled as

𝑔𝑚,𝑛[𝑡] =

√︃
𝐺LEO𝐺BS𝜓(𝜃𝑚,𝑛)PLNTN𝑚,𝑛 [𝑡]

𝜚c𝑚,𝑛[𝑡]𝜚
r
𝑚,𝑛[𝑡]

𝑒 𝑗2𝜋(𝑡𝑇𝑆𝜈
𝑡
𝑚− 𝑓𝑐𝑑𝑚,𝑛[𝑡]/𝑐), (2.1)

where 𝜚c𝑚,𝑛[𝑡] and 𝜚
r
𝑚,𝑛[𝑡] stand for attenuation due to cloud and rain, PL

NTN
𝑚,𝑛 [𝑡] = 1/(4𝜋 𝑓𝑐𝑑𝑚,𝑛[𝑡]/𝑐)

2

and 𝑑𝑚,𝑛[𝑡] denote the free space path loss and the distance from BS𝑛 to LEO𝑚 at TS 𝑡; 𝑓𝑐 and 𝑐

are the operation frequency and light speed. 𝐺LEO and 𝐺BS are the antenna gains of the LSats

and BSs. 𝜈𝑡𝑚 denotes the Doppler shift due to the mobility of LEO𝑚 at TS 𝑡 [68]. One assumes

that the Doppler shift can be compensated at the LSat payload [8]. Moreover, 𝜓(𝜃) is the nor-

malized beam pattern expressed in [65] as 𝜓(𝜃) = 1 if 𝜃 = 0, and 𝜓(𝜃) = 4
��� 𝐽1(𝑏𝑎 sin 𝜃)𝑏𝑎 sin 𝜃

��� if 𝜃 ̸= 0

where 𝑎 is the antenna aperture, 𝐽1(·) is the �rst-order Bessel function, 𝜃𝑚,𝑛 is the boresight

angle at the viewpoint of LEO𝑚 to BS𝑛, and 𝑏 = 2𝜋 𝑓𝑐/𝑐. Besides, the channel coe�cient of

link UE𝑘 − BS𝑛 over SC 𝑠 at TS 𝑡 is modeled as

ℎ̄𝑛,𝑘,𝑠[𝑡] =
√︃
PLTN
𝑛,𝑘

©­«
√︄

𝜅TN

𝜅TN + 1
ℎ̄LOS
𝑛,𝑘,𝑠[𝑡] +

√︂
1

𝜅TN + 1
ℎ̄NLOS
𝑛,𝑘,𝑠 [𝑡]

ª®¬ , (2.2)

where PLTN
𝑛,𝑘

is the path-loss between UE𝑘 and BS𝑛, ℎ̄
LOS
𝑛,𝑘,𝑠

[𝑡] and ℎ̄NLOS
𝑛,𝑘,𝑠

[𝑡] are the LOS and

NLOS small scale falding of link UE𝑘 −BS𝑛 over SC 𝑠 at TS 𝑡, respectively. 𝜅TN is the Rician

factor for the UE − BS link. Additionally, the random-walk process is exploited to generate



30 Chapter 2

the �time-correlation� channels [69�71]. In particular, ℎ̄NLOS
𝑛,𝑘,𝑠

[𝑡] is generated as

ℎ̄NLOS
𝑛,𝑘,𝑠 [𝑡] = (1 − 𝜌)ℎ̄NLOS

𝑛,𝑘,𝑠 [𝑡 − 1] + 𝜌ℎ̃𝑛,𝑘,𝑠[𝑡], (2.3)

where ℎ̄NLOS
𝑛,𝑘,𝑠

[0] and ℎ̃𝑛,𝑘,𝑠[𝑡] are zero-mean unit-variance random variables, and 𝜌 is the

random-walk factor.

2.2.3 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 𝑊SC = 180 × 2𝜇 (kHz) where 𝜇 stands for the pre-selected numerology [72, 73].

The set of SCs is denoted by S ≜ {1, . . . , 𝑆}. Regarding the UE-BS association and the SC

allocation for UEs, we introduce a binary variable 𝜶[𝑡] ≜ [𝛼𝑛,𝑘,𝑠[𝑡]]∀(𝑛,𝑘,𝑠) as

𝛼𝑛,𝑘,𝑠[𝑡] =


1, if BS𝑛 serves UE𝑘 over SC 𝑠 at TS 𝑡,

0, otherwise.

(2.4)

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) :
∑︁
∀𝑘∈K

𝛼𝑛,𝑘,𝑠[𝑡] ≤ 1,∀(𝑛, 𝑠) ∈ (N × S),∀𝑡. (2.5)

Due to the limited computation resource, one assumes that UE𝑘 can be assigned to at most

𝑆𝑘 SCs at each TS, which yields

(𝐶2) :
∑︁
∀𝑠∈S

𝛼𝑛,𝑘,𝑠[𝑡] ≤ 𝑆𝑘 ,∀(𝑛, 𝑘) ∈ (N ×K),∀𝑡. (2.6)

Moreover, the one-BS association constraint can be stated as

(𝐶3) :
∑︁
∀𝑛∈N

∥
∑︁
∀𝑠∈S

𝛼𝑛,𝑘,𝑠[𝑡]∥0 ≤ 1,∀𝑘 ∈ K,∀𝑡. (2.7)

Denote 𝑝𝑛,𝑘,𝑠[𝑡] as the transmit power from UE𝑘 to BS𝑛 over SC 𝑠, it can describe the received

signal at BS𝑛 over SC 𝑠 as
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𝑦BS,𝑡𝑛,𝑠 (p[𝑡],𝜶[𝑡]) =
∑︁

∀(𝑘,𝑛′)

√︁
𝛼𝑛′ ,𝑘,𝑠[𝑡]𝑝𝑛′ ,𝑘,𝑠[𝑡]ℎ̄𝑛,𝑘,𝑠[𝑡]𝑠𝑘 + 𝜂𝑛, (2.8)

where p[𝑡] ≜ [𝑝𝑛,𝑘,𝑠[𝑡]]∀(𝑛,𝑘,𝑠), 𝑠𝑘 [𝑡] is UE𝑘 's data symbol, E{|𝑠𝑘 [𝑡]|2} = 1, and 𝜂𝑛 ∼ CN(0, 𝜎2
𝑛)

is the additive Gaussian noise at BS𝑛. Subsequently, the SINR of the UE𝑘 's data received at

BS𝑛 over SC 𝑠 and TS 𝑡 can be expressed as

𝛾
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡]) =
𝛼𝑛,𝑘,𝑠[𝑡]𝑝𝑛,𝑘,𝑠[𝑡]ℎ𝑛,𝑘,𝑠[𝑡]∑

∀ 𝑗 ̸=𝑘 ℎ𝑛, 𝑗,𝑠[𝑡]
(∑

∀𝑖 𝛼𝑖, 𝑗 ,𝑠[𝑡]𝑝𝑖, 𝑗 ,𝑠[𝑡]
)
+ 𝜎2

𝑛

, (2.9)

where ℎ𝑛,𝑘,𝑠[𝑡] = | ℎ̄𝑛,𝑘,𝑠[𝑡]|2 is the corresponding channel gain. It is noting that, in (2.9),

UEs that are not assigned SC 𝑠 at BS𝑛 do not cause the interference thanks to zero values of

corresponding 𝛼𝑛,𝑘,𝑠[𝑡]. Let 𝑊SC be the BW of one SC, we can describe UE𝑘 's rate (nats/s) at

BS𝑛 over SC 𝑠 as

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡]) = 𝑊SC ln(1 + 𝛾
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡])). (2.10)

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

𝑅
UE,𝑡
𝑘

(p[𝑡],𝜶[𝑡]) =
∑︁
∀𝑛∈N

∑︁
∀𝑠∈S

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡]). (2.11)

2.2.4 Transmission over the BS-LSat Backhaul Links

This subsection describes the transmission between the BS and the LSat. For convenience,

the binary variables representing the BS-LEO association are introduced as

𝜇𝑚,𝑛[𝑡] =


1, BS𝑛 is served by LEO𝑚 at TS 𝑡,

0, otherwise.

(2.12)

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

which yields

(𝐶4) :
∑︁

∀𝑚∈M
𝜇𝑚,𝑛[𝑡] ≤ 1,∀𝑛 ∈ N ,∀𝑡. (2.13)

Denote 𝑊BS
𝑚,𝑛[𝑡] as a variable representing the BW allocation assigned to BS𝑛 for transferring

data to LEO𝑚. Letting 𝑊̄
LEO

𝑚 [𝑡] be the maximum BW at LEO𝑚 in TS 𝑡, we have

(𝐶5) :
∑︁
∀𝑛∈N

𝜇𝑚,𝑛[𝑡]𝑊
BS
𝑚,𝑛[𝑡] ≤ 𝑊LEO

𝑚 [𝑡],∀(𝑚, 𝑡). (2.14)
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Figure 2.2: Flowchart for the centralized solution.

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 [45]. Then, the

achievable rate of BS𝑛 at LEO𝑚 in TS 𝑡 is expressed as

𝑅BS,𝑡
𝑚,𝑛 (P[𝑡],W[𝑡], 𝝁[𝑡]) = 𝜇𝑚,𝑛[𝑡]𝑊

BS
𝑚,𝑛[𝑡] ln

(
1 +

𝑃𝑛[𝑡]𝑔𝑚,𝑛[𝑡]

𝑊BS
𝑚,𝑛[𝑡]𝛿𝑚

)
, (2.15)

where W[𝑡] ≜ [𝑊BS
𝑚,𝑛[𝑡]]∀(𝑚,𝑛), P[𝑡] ≜ [𝑃𝑛[𝑡]]∀𝑛, 𝑃𝑛[𝑡] denotes the transmit power of BS𝑛,

𝑔𝑚,𝑛[𝑡] = |𝑔𝑚,𝑛[𝑡]|2 is the channel gain of link BS𝑛 − LEO𝑚 in TS 𝑡, and 𝛿𝑚 is the noise

power density at LEO𝑚. Therefore, the aggregated achievable rate of BS𝑛 at TS 𝑡 is given as

𝑅BS,𝑡
𝑛 (P[𝑡],W[𝑡], 𝝁[𝑡]) =

∑︁
∀𝑚∈M

𝑅BS,𝑡
𝑚,𝑛 (P[𝑡],W[𝑡], 𝝁[𝑡]). (2.16)

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) :
∑︁

∀(𝑘,𝑠)
𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡]) ≤ 𝑅BS,𝑡
𝑛 (P[𝑡],W[𝑡], 𝝁[𝑡]),∀(𝑛, 𝑡). (2.17)

2.2.5 Problem Formulation

In this subsection, we formulate the optimization problem wherein the min-time objective is

considered. It can be seen that, di�erent from the terrestrial networks, the integrated LSat-

terrestrial networks are highly dynamic due to the high movement of the LSats. The service

time of BSs corresponding to one LSat 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 ful�ll this technical objective, we �rst

express the remaining data demand of UE𝑘 right after TS 𝑡 as
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𝑑𝑘 [𝑡] = max
(
0, 𝐷𝑘 −

𝑇𝑆

ln 2

𝑡∑︁
𝑢=1

𝑅
UE,𝑢
𝑘

(p[𝑢],𝜶[𝑢])
)
. (2.18)

Thanks to (2.18), the joint two-tier association and RA design minimizing o�oading duration

for the ISTNs can be stated by the following optimization problem,

min
p,P,W,𝜶,𝝁,𝑣

𝑣 s.t. constraints (𝐶1) − (𝐶6), (2.19)

(𝐶7) :
∑︁
∀𝑛∈N

∑︁
∀𝑠∈S

𝑝𝑛,𝑘,𝑠[𝑡] ≤ 𝑝max
𝑘 ,∀𝑘 ∈ K,∀𝑡 ≤ 𝑣,

(𝐶8) : 𝑃𝑛[𝑡] ≤ 𝑃max
𝑛 ,∀𝑛 ∈ N ,∀𝑡 ≤ 𝑣,

(𝐶9) : 𝛼𝑛,𝑘,𝑠[𝑡], 𝜇𝑚,𝑛[𝑡] ∈ {0, 1},∀(𝑚, 𝑛, 𝑘, 𝑠),∀𝑡 ≤ 𝑣,

(𝐶10) : 𝑑𝑘 [𝑣] = 0,∀𝑘 ∈ K,

where p ≜ {p[𝑡]}∀𝑡 ,P ≜ {P[𝑡]}∀𝑡 ,W ≜ {W[𝑡]}∀𝑡 ,𝜶 ≜ {𝜶[𝑡]}∀𝑡 and 𝝁 ≜ {𝝁[𝑡]}∀𝑡 . Constraints

(𝐶7) and (𝐶8) represent the corresponding limited transmission power of UEs and BSs, respec-

tively. Variable 𝜐 stands for the TS where all UE's data demands are completely transmitted

as described by constraint (𝐶10). Regarding the goal of o�oading duration minimization, 𝜐

should be minimized.

In practical ISTNs, problem (2.19) aims to determine a resource management strategy to

o�oad the entire UEs data to the core network through the satellite links during the shortest

time. Particularly, the movement of LSats leads to the dynamic of the LEO-based backhaul

link capacity and the network topology, which poses di�culties in resource management. The

outcome by solving (2.19) can provide the solution of UE-BS and BS-LSat associations, SC

assignment, 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

propose the solutions to solve this problem in the next sections.

2.3 Proposed Solutions

Regarding two network management structures discussed in Section 2.2.1, this section studies

two frameworks to tackle the challenging problem (2.19) e�ciently. The �rst solution operates

solely at the CNC, whereas the latter is proposed to decompose the optimization process into
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sub-tasks that can be executed in parallel at the LCs. Both approaches utilize compressed

sensing, relaxation, and approximation methods as follows.

2.3.1 Centralized Solution

The overall centralized solution approach is summarized in Fig. 2.2, in which the details will

be given subsequently.

Time-Slot-based Decomposition

It can be seen that the objective function brings the critical sparsity challenge to problem

(2.19). Naturally, to upload all user demands in the shortest time, one should maximize the

amount of transmitted 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
UE,𝑡
1 (p[𝑡],𝜶[𝑡]), ..., 𝑅UE,𝑡

𝐾
(p[𝑡],𝜶[𝑡])

)
. Regarding region C[𝑡] and exploit-

ing the approach presented in [74, 75], the window-based problem (2.19) 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 𝑡, as given follows,

max
p,P,W,𝜶,𝝁

∑︁
∀(𝑘,𝑛,𝑠)

𝜔𝑘 [𝑡]𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡],𝜶[𝑡]) s.t. (𝐶1) − (𝐶9). (2.20)

Herein, 𝜔𝑘 [𝑡] is a design weight corresponding to UE𝑘 's remaining data in TS 𝑡.

Remark 1. To de�ne the weight 𝜔𝑘 [𝑡], 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 (2.20). 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 [74], one can achieve this goal by setting the

weights to the queue lengths at each TS, i.e.,

𝜔𝑘 [𝑡] = 𝑑𝑘 [𝑡], ∀(𝑘, 𝑡). (2.21)

Therefore, to tackle problem (2.19), one can sequentially solve problem (2.20) and update

𝜔𝑘 [𝑡] after every TS until all UEs' data is uploaded to the LEO constellation successfully.

Regarding TS 𝑡, it can be seen that problem (2.20) is still a non-convex MINLP owing to



Joint Two-tier User Association and Resource Management for ISTNs 35

the coupling between binary and continuous variables, as well as the sparsity terms and the

non-convex functions relating to SNR and SINR.

Compressed-Sensing-based Relaxation

Regarding the relation between BS-UE association, SC assignment decision, and the contin-

uous variables in TS 𝑡, one can see that:

� If UE𝑘 is served by BS𝑛 over SC 𝑠, the transmit power 𝑝𝑛,𝑘,𝑠[𝑡] is naturally positive, and

vice versa, if UE𝑘 is not served by BS𝑛 over SC 𝑠, it should be 𝑝𝑛,𝑘,𝑠[𝑡] = 0.

� Similarly, for the LEO-BS association, if BS𝑛 is served by LEO𝑚, 𝑊
BS
𝑚,𝑛[𝑡] is naturally

positive, and vice versa, 𝑊BS
𝑚,𝑛[𝑡] = 0 if BS𝑛 is not served by LEO𝑚.

These observations yield the following results, 𝛼𝑛,𝑘,𝑠[𝑡] = ∥𝑝𝑛,𝑘,𝑠[𝑡]∥0, 𝜇𝑚,𝑛[𝑡] = ∥𝑊BS
𝑚,𝑛[𝑡]∥0,

and

∥
∑︁
∀𝑠
𝛼𝑛,𝑘,𝑠[𝑡]∥0 = ∥

∑︁
∀𝑠
𝑝𝑛,𝑘,𝑠[𝑡]∥0 = ∥𝑝𝑛,𝑘 [𝑡]∥0, (2.22)

for all (𝑚, 𝑛, 𝑘, 𝑠, 𝑡), where 𝑝𝑛,𝑘 [𝑡] =
∑

∀𝑠𝑝𝑛,𝑘,𝑠[𝑡]. Hence, 𝜶 and 𝝁 can be represented by

sparsity form of p and W e�ciently. Subsequently, to address these sparsity terms, we tend to

utilize an iterative compressed-sensing-based algorithm, so-called reweighted ℓ1 minimization

method [76, 77], which consists of the following process in each 𝑖𝑡ℎ iteration: (i) replacing

the sparsity term ∥𝑥∥0 by 1/
(
|𝑥(𝑖) |2+𝜖

)
where 𝜖 is a small positive number; (ii) solving the

approximate problem; (iii) updating the �xed point for the next iteration based on the recent

achieved optimal solution. Employing this approach, ℓ0-norm components in (2.22) can be

approximated as

∥𝑝𝑛,𝑘,𝑠[𝑡]∥0 = 𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡]𝑝𝑛,𝑘,𝑠[𝑡], (2.22a)

∥𝑝𝑛,𝑘 [𝑡]∥0 = 𝜉
(𝑖)
𝑛,𝑘

[𝑡]𝑝𝑛,𝑘 [𝑡], (2.22b)

∥𝑊BS
𝑚,𝑛[𝑡]∥0 = 𝜒

(𝑖)
𝑚,𝑛[𝑡]𝑊

BS
𝑚,𝑛[𝑡], (2.22c)

for all (𝑚, 𝑛, 𝑘, 𝑠, 𝑡), where 𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡], 𝜉
(𝑖)
𝑛,𝑘

[𝑡] and 𝜒
(𝑖)
𝑚,𝑛[𝑡] are the weights, which are updated based

on the solution of p[𝑡] and W[𝑡] after the (𝑖 − 1)𝑡ℎ iteration, respectively as

𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡] =
1

𝑝
(𝑖−1)
𝑛,𝑘,𝑠

[𝑡] + 𝜖
, 𝜉

(𝑖)
𝑛,𝑘

[𝑡] =
1

𝑝
(𝑖−1)
𝑛,𝑘

[𝑡] + 𝜖
, 𝜒

(𝑖)
𝑚,𝑛[𝑡] =

1

𝑊
BS,(𝑖−1)
𝑚,𝑛 [𝑡] + 𝜖

, (2.23)
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for all (𝑚, 𝑛, 𝑘, 𝑠). Then, (𝐶1) − (𝐶6) can be rewritten as

(𝐶1) :
∑︁
∀𝑘∈K

𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡]𝑝𝑛,𝑘,𝑠[𝑡] ≤ 1,∀(𝑛, 𝑠), (2.23a)

(𝐶2) :
∑︁
∀𝑠∈S

𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡]𝑝𝑛,𝑘,𝑠[𝑡] ≤ 𝑆𝑘 ,∀(𝑛, 𝑘), (2.23b)

(𝐶3) :
∑︁
∀𝑛∈N

𝜉
(𝑖)
𝑛,𝑘

[𝑡]
∑︁
∀𝑠∈S

𝑝𝑛,𝑘,𝑠[𝑡] ≤ 1,∀𝑘, (2.23c)

(𝐶4) :
∑︁

∀𝑚∈M𝑡

𝜒
(𝑖)
𝑚,𝑛[𝑡]𝑊

BS
𝑚,𝑛[𝑡] ≤ 1,∀𝑛, (2.23d)

(𝐶5) :
∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛[𝑡] ≤ 𝑊LEO

𝑚 [𝑡], ∀𝑚 ∈ M𝑡 , (2.23e)

(𝐶6) :
∑︁

∀(𝑘,𝑠)
𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]) ≤ 𝑅BS,𝑡
𝑛 (P[𝑡],W[𝑡]),∀𝑛, (2.23f)

where 𝜶[𝑡] and 𝝁[𝑡] in (𝐶1) − (𝐶6) are omitted.

Thanks to the compressed-sensing approach [76], problem (2.20) can be addressed by

iteratively updating 𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡] and 𝜒
(𝑖)
𝑚,𝑛[𝑡], and solving the following problem

max
p,P,W

∑︁
∀(𝑘,𝑛,𝑠)

𝜔𝑘 [𝑡]𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]) (2.24)

s.t. constraints (𝐶1) − (𝐶6), (𝐶7), (𝐶8).

Note that 𝑅UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]) and 𝑅BS,𝑡
𝑛 (P[𝑡],W[𝑡]) are the rate functions with omitting the arguments

of 𝜶[𝑡] and 𝝁[𝑡].

Convexifying Constraint (𝐶6)

It can be seen that problem (2.24) is still non-convex due to the non-convexity of (𝐶6). To

address (𝐶6), we consider the following theorem.

Theorem 1. The solution for (2.24) can be obtained by solving the following problem,

max
p,P,W,𝝀UE,𝝀BS

∑︁
∀𝑘∈K

∑︁
∀𝑛∈N

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] (2.25)

s.t. constraints (𝐶1) − (𝐶5), (𝐶7), (𝐶8),

(𝐶11) :
∑︁
∀𝑘∈K

𝜆UE𝑛,𝑘 [𝑡] ≤ 𝜆
BS
𝑛 [𝑡],∀𝑛,

(𝐶12) : 𝜆UE𝑛,𝑘 [𝑡] ≤
∑︁
∀𝑠∈S

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]),∀(𝑛, 𝑘),

(𝐶13) : 𝜆BS𝑛 [𝑡] ≤
∑︁

∀𝑚∈M𝑡

𝑅BS,𝑡
𝑚,𝑛 (P[𝑡],W[𝑡]),∀𝑛,
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and calibrating p so that (𝐶12) holds with equality. Herein, 𝝀UE ≜ {𝜆UE
𝑛,𝑘

[𝑡]} and 𝝀BS ≜ {𝜆BS𝑛 [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,

min
p

∑︁
∀(𝑛,𝑘,𝑠)

𝑝𝑛,𝑘,𝑠[𝑡] s.t. (𝐶1) − (𝐶3), (𝐶7), (𝐶12), (2.26)

which is well addressed in the literature [78,79].

Proof: It can be easy to see that once (𝐶12) holds with equality, problems (2.24) and

(2.25) 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 (2.24).

Then, denoting

𝜆UE′𝑛,𝑘 [𝑡] =
∑︁
∀𝑠∈S

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p∗[𝑡]), ∀(𝑛, 𝑘) ∈ (N ×K), (2.26a)

𝜆BS′𝑛 [𝑡] =
∑︁

∀𝑚∈M𝑡

𝑅BS,𝑡
𝑚,𝑛 (P

∗[𝑡],W∗[𝑡]), ∀𝑛 ∈ N , (2.26b)

yields (p∗,P∗,W∗, 𝝀UE′, 𝝀BS′) as a feasible solution of (2.25). On another hand, one assume

(p′,P′,W′, 𝝀UE′, 𝝀BS′) be the optimal solution of problem (2.25). Solving (2.26) to obtain

p′′, we can easily prove that 𝜆UE′
𝑛,𝑘

[𝑡] =
∑

∀𝑠∈S𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p′′[𝑡]),∀(𝑛, 𝑘). Interestingly, (p′′,P′,

W′, 𝝀UE′, 𝝀BS′) is also an optimal solution of problem (2.25) since this set satis�es all con-

straints and returns the same objective as (p′,P′,W′, 𝝀UE′, 𝝀BS′). Furthermore, (p′′,P′,W′)

also satis�es all constraints of (2.24), and it should be a feasible solution of this problem.

Based on Theorem 1, we can tackle problem (2.24) by solving problem (2.25) and cali-

brating p by addressing (2.26) if (𝐶12) does not hold with equality. In the following, we will

discuss how to deal with problem (2.25) e�ciently.

Successive Convex Approximation for Low-complExity (SCALE) Method

It can be seen, (2.25) is non-convex due to constraint (𝐶12). To address this issue, one exploits

the SCALE approach - a successive convex approximation method introduced in [78, 80] - to

transform the UE rate function into a concave form as follows.

Proposition 1. The equivalent problem of (2.25) at iteration (𝑖+1), TS 𝑡 can be formulated
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Algorithm 1 Proposed Centralized Algorithm

1: Set 𝑡 = 1.
2: repeat

3: Initialization: Set 𝑖 = 0, and generate an initial starting point
(
p̄(0)[𝑡], (W[𝑡])(0)

)
.

4: repeat

5: Calculate SCALE weights 𝑎
(𝑖)
𝑛,𝑘,𝑠

, 𝑏
(𝑖)
𝑛,𝑘,𝑠

, compressed-sensing weights 𝜁
(𝑖)
𝑛,𝑘,𝑠

, 𝜉
(𝑖)
𝑛,𝑘
, 𝜒

(𝑖)
𝑚,𝑛, and p(𝑖)[𝑡] =

exp(p̄(𝑖)[𝑡]).

6: Solve (2.27) to obtain
(
p̄★[𝑡],P★[𝑡],W★[𝑡]

)
.

7: Update
(
p̄(𝑖+1)[𝑡],W(𝑖+1)[𝑡]

)
:=

(
p̄★[𝑡],W★[𝑡]

)
.

8: Set 𝑖 = 𝑖 + 1.
9: until Convergence
10: Calculate 𝑑𝑘 [𝑡],∀𝑘 based on (2.18).
11: Set 𝑡 = 𝑡 + 1.
12: until 𝑑𝑘 [𝑡] = 0,∀𝑘.
13: Recovery association variables 𝜶 and 𝝁 by (2.32).

14: Output: The solution
(
p★,P★,W★,𝜶★, 𝝁★

)
.

as

max
p̄,P,W,𝝀UE,𝝀BS

∑︁
∀𝑘∈K

∑︁
∀𝑛∈N

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] (2.27)

s.t. constraints (𝐶4), (𝐶5), (𝐶8), (𝐶11), (𝐶13),

(𝐶1) :
∑︁
∀𝑘∈K

𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡] exp(𝑝𝑛,𝑘,𝑠[𝑡]) ≤ 1,∀(𝑛, 𝑠),

(𝐶2) :
∑︁
∀𝑠∈S

𝜁
(𝑖)
𝑛,𝑘,𝑠

[𝑡] exp(𝑝𝑛,𝑘,𝑠[𝑡]) ≤ 𝑆𝑘 ,∀(𝑛, 𝑘),

(𝐶3) :
∑︁
∀𝑛
𝜉
(𝑖)
𝑛,𝑘

[𝑡]
∑︁
∀𝑠

exp(𝑝𝑛,𝑘,𝑠[𝑡]) ≤ 1,∀𝑘,

(𝐶7) :
∑︁
∀𝑛∈N

∑︁
∀𝑠∈S

exp(𝑝𝑛,𝑘,𝑠[𝑡]) ≤ 𝑝max
𝑘 ,∀𝑘,

(𝐶12) : 𝜆UE𝑛,𝑘 [𝑡] ≤
∑︁
∀𝑠∈S

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p̄[𝑡]),∀(𝑛, 𝑘),

where p̄ ≜ [p̄[𝑡]]∀𝑡 , p̄[𝑡] ≜ [𝑝𝑛,𝑘,𝑠[𝑡]]∀(𝑛,𝑘,𝑠), 𝑝𝑛,𝑘,𝑠[𝑡] is a new variable which is used instead of

𝑝𝑛,𝑘,𝑠[𝑡], and

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p̄[𝑡])= 𝑊SC

(
𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡]Ψ𝑡𝑛,𝑘,𝑠(p̄[𝑡]) + 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡]
)
, (2.28)

in which 𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡] and 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡] are the updated coe�cients at each iteration, and

Ψ𝑡𝑛,𝑘,𝑠(p̄[𝑡]) = ln(ℎ𝑛,𝑘,𝑠[𝑡]) + 𝑝𝑛,𝑘,𝑠[𝑡] − ln
(∑︁
∀𝑛′

∑︁
∀𝑘′∈K\𝑘

ℎ𝑛,𝑘′ ,𝑠[𝑡]𝑒
𝑝𝑛′ ,𝑘′ ,𝑠 [𝑡] + 𝜎2

𝑛

)
. (2.29)

Proof: This part provides the proof of Proposition 1, wherein SCALE method [78]

is used to convexify (𝐶12). Speci�cally, at iteration 𝑖, the UE rate function can be lower



Joint Two-tier User Association and Resource Management for ISTNs 39

bounded as

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]) ≥ 𝑊SC(𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡] ln(SINR𝑡𝑛,𝑘,𝑠) + 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡]), (2.30)

where the coe�cients 𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡] and 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡] are de�ned as

𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡] =
SINR

𝑡 ,(𝑖−1)
𝑛,𝑘,𝑠

1 + SINR
𝑡 ,(𝑖−1)
𝑛,𝑘,𝑠

, 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡] = log (1 + SINR
𝑡 ,(𝑖−1)
𝑛,𝑘,𝑠

) − 𝑎(𝑖)
𝑛,𝑘,𝑠

[𝑡],

and SINR
𝑡 ,(𝑖)
𝑛,𝑘,𝑠

= 𝛾
UE,𝑡
𝑛,𝑘,𝑠

(p(𝑖)[𝑡]) is the SINR value at iteration 𝑖.

Subsequently, to convexify the function ln(SINR𝑡
𝑛,𝑘,𝑠

) in (2.30), one introduces new vari-

ables {𝑝𝑛,𝑘,𝑠[𝑡]} and replace 𝑝𝑛,𝑘,𝑠[𝑡] with 𝑝𝑛,𝑘,𝑠[𝑡] = exp(𝑝𝑛,𝑘,𝑠[𝑡]), ∀(𝑛, 𝑘, 𝑠). Based on that,

(2.30) can be rewritten as

𝑅
UE,𝑡
𝑛,𝑘,𝑠

(p[𝑡]) ≥ 𝑅UE,𝑡
𝑛,𝑘,𝑠

(p̄[𝑡]) := 𝑊SC(𝑎
(𝑖)
𝑛,𝑘,𝑠

[𝑡]Ψ𝑡𝑛,𝑘,𝑠(p̄[𝑡]) + 𝑏
(𝑖)
𝑛,𝑘,𝑠

[𝑡]). (2.31)

It is worth noting that the log-sum-exp term in Ψ𝑡
𝑛,𝑘,𝑠

(p̄[𝑡]) is convex, thus 𝑅UE,𝑡
𝑛,𝑘,𝑠

(p̄[𝑡]) is

naturally concave. Exploiting this approach, constraint (𝐶12) can be approximated as (𝐶12)

in (2.31). In addition, regarding 𝑝𝑛,𝑘,𝑠[𝑡], constraints (𝐶1) − (𝐶3) and (𝐶7) are rewritten as

(𝐶1)−(𝐶3) and (𝐶7) in (2.31) due to the transformation 𝑝𝑛,𝑘,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.

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 (2.19) can be obtained by iteratively solving problem (2.27) and updating the

corresponding weights in every TS sequentially until all UEs' data have been delivered to LEO

constellation. The proposed centralized algorithm is summarized in Algorithm 1. Regarding

the compressed-sensing approach, the binary solution 𝜶 and 𝝁 can be returned as

𝛼𝑛,𝑘,𝑠[𝑡] =


1, if 𝑝𝑛,𝑘,𝑠[𝑡] ≥ 𝜖,

0, otherwise,

, 𝜇𝑚,𝑛[𝑡] =


1, if 𝑊BS

𝑚,𝑛[𝑡] ≥ 𝜖,

0, otherwise.

(2.32)

2.3.2 Decentralized Solution

Implementing the centralized solution may pose a signi�cant challenge, as it requires all net-

work information to be available at the CNC. This requirement may lead to execution delays
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Update compressed

sensing weight (24)

Update SCALE weight

Calculate data remain (18). Solve for the next TS

Iteratively solving
Sharing           and

Figure 2.3: Flowchart for the decentralized solution.

and an overload of controller links, arising from the aggregated tra�c needed for exchanging

network information. In addition, centralized execution also leads to computation overload

and di�culties 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. 2.3.

Lagrangian-based Decomposition

Analyzing problem (2.25), one can see that the variable sets corresponding to clusters and

NTN are coupled through constraint (𝐶5). To address this coupling, we propose to employ

the Lagrangian relaxation method with the multiplexer 𝝉 ≜ [𝜏𝑚[𝑡]]∀𝑚,𝑡>0 as follows. The

Lagrangian function of (2.25) is given as

𝐿(p,P,W, 𝝀UE, 𝝀BS, 𝝉) =
∑︁

∀(𝑘,𝑛)
𝜔𝑘 [𝑡]𝜆

UE
𝑛,𝑘 [𝑡] +

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡](𝑊̄
LEO
𝑚 [𝑡] −

∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛[𝑡]). (2.33)

Let Ω represent the tunnel of all variables, i.e., Ω ≜ (p,P,W, 𝝀UE, 𝝀BS), F denote the feasible

set of (2.25), i.e., F ≜ {Ω|Ω satis�es (𝐶1)−(𝐶4), (𝐶7), (𝐶8), (𝐶11)−(𝐶13)}. The dual problem

can be written as

min
𝝉

𝑔Lag(𝝉) s. t. 𝜏𝑚[𝑡] ≥ 0 ∀(𝑚, 𝑡), (2.34)

where 𝑔Lag(𝝉) is denoted as the dual function corresponding to (27) which is expressed as

𝑔Lag(𝝉) = sup
Ω∈F

𝐿(Ω, 𝝉) = sup
Ω∈F

( ∑︁
∀(𝑘,𝑛)

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] +

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡](𝑊
LEO
𝑚 [𝑡] −

∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛[𝑡])

)
.
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For given 𝝉 and {𝑊LEO
𝑚 }∀𝑚∈M𝑡

, the right-hand-side problem of (2.35) can be rewritten in a

more trackable form as

max
p,P,W,𝝀UE,𝝀BS

∑︁
∀(𝑘,𝑁)

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] −

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡]
∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛[𝑡]

s.t. (𝐶1) − (𝐶4), (𝐶7), (𝐶8), (𝐶11) − (𝐶13). (2.35)

Herein, for a decomposition purpose, we assume that the inter-cluster interference is negli-

gible due to the su�ciently long distance between clusters. Based on this assumption, the

optimization for the TN layer can be executed at each cluster. As a result, problem (2.35)

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 𝑐

is formulated as

(
Pclus
I,c

)
max

p𝑐 ,P𝑐 ,W𝑐 ,𝝀
UE
𝑐 ,𝝀BS𝑐

∑︁
∀(𝑘,𝑛)

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] −

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡]
∑︁

∀𝑛∈N𝑐

𝑊BS
𝑚,𝑛[𝑡]

s.t. (𝐶1)𝑐 − (𝐶4)𝑐, (𝐶7)𝑐, (𝐶8)𝑐, (𝐶11)𝑐, (𝐶13)𝑐,

(𝐶14)𝑐 : 𝜆
UE,𝑐
𝑛,𝑘

[𝑡] ≤
∑︁
∀𝑠∈S

𝑅
UE,𝑐,𝑡
𝑛,𝑘,𝑠

(p𝑐[𝑡]),∀(𝑛, 𝑘), (2.36)

where the low su�x (∗)𝑐 is added to notations (𝐶𝑋) and variables to indicate that con-

straint (𝐶𝑋) and corresponding variables are applied for cluster 𝑐. In constraint (𝐶14)𝑐,

𝑅
UE,𝑐,𝑡
𝑛,𝑘,𝑠

(p𝑐[𝑡]) = 𝑊SC log2(1 + 𝛾
UE,𝑐,𝑡
𝑛,𝑘,𝑠

(p𝑐[𝑡])), and

𝛾
UE,𝑐,𝑡
𝑛,𝑘,𝑠

(p𝑐[𝑡]) =
𝑝𝑛,𝑘,𝑠[𝑡]ℎ𝑛,𝑘,𝑠[𝑡]∑

∀𝑛′
∑

∀𝑘′∈K𝑐\{𝑘} ℎ𝑛,𝑘′ ,𝑠[𝑡]𝑝𝑛′ ,𝑘′ ,𝑠[𝑡] + 𝐼
𝑐,(𝑖)
𝑛,𝑠 + 𝜎2

𝑛

, (2.37)

where 𝐼
𝑐,(𝑖)
𝑛,𝑠 =

∑
∀𝑛′

∑
∀ 𝑗′∈K\K𝑐

ℎ𝑛, 𝑗′ ,𝑠[𝑡]𝑝
(𝑖)
𝑛′ , 𝑗′ ,𝑠[𝑡] is the inter-cluster interference at BS 𝑛 in

cluster 𝑐 over SC 𝑠.

Decentralized Algorithm

It can be seen that (𝐶14)𝑐 is non-convex. The following proposition is to address this issue.

Proposition 2. Problem
(
Pclus
I,c

)
can be transformed into the following convex problem,

(
Pclus
II,c

)
max

p𝑐 ,P𝑐 ,W𝑐 ,𝝀
UE
𝑐 ,𝝀BS𝑐

∑︁
∀(𝑘,𝑛)

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] −

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡]
∑︁

∀𝑛∈N𝑐

𝑊BS
𝑚,𝑛[𝑡]
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Algorithm 2 Proposed Decentralized Algorithm

1: Set 𝑡 = 1.
2: repeat
3: Initialization: Set ℓ = 1. Generate an initial Lagrangian multiplier 𝝉.
4: repeat

5: for Each cluster 𝑐 do
6: Set 𝑖 = 0 and select

(
p̄
(0)
𝑐 [𝑡],W

(0)
𝑐 [𝑡]

)
.

7: repeat

8: Calculate weights 𝑎
(𝑖)
𝑛,𝑘,𝑠

, 𝑏
(𝑖)
𝑛,𝑘,𝑠

, 𝜁
(𝑖)
𝑛,𝑘,𝑠

, 𝜉
(𝑖)
𝑛,𝑘
, 𝜒

(𝑖)
𝑚,𝑛 for cluster 𝑐 and p

(𝑖)
𝑐 [𝑡] = exp(p̄

(𝑖)
𝑐 [𝑡]).

9: Solve Pclus
II,c

to obtain
(
p̄★𝑐 [𝑡],P

★
𝑐 [𝑡],W

★
𝑐 [𝑡]

)
.

10: Update
(
p̄
(𝑖+1)
𝑐 [𝑡],W

(𝑖+1)
𝑐 [𝑡]

)
:=

(
p̄★𝑐 [𝑡],W

★
𝑐 [𝑡]

)
.

11: Set 𝑖 = 𝑖 + 1.
12: until Convergence
13: end for

14: Update 𝝉 by (2.40).
15: Set ℓ = ℓ + 1.
16: until Convergence
17: Calculate 𝑑𝑘 [𝑡],∀𝑘 based on (2.18).
18: Set 𝑡 = 𝑡 + 1.
19: until 𝑑𝑘 [𝑡] = 0,∀𝑘.
20: Recovery association variables 𝜶 and 𝝁 by (2.32).

21: Output: The solution
(
p★,P★,W★,𝜶★, 𝝁★

)
.

s.t. (𝐶1)𝑐 − (𝐶3)𝑐, (𝐶4)𝑐, (𝐶7)𝑐, (𝐶8)𝑐, (𝐶11)𝑐, (𝐶13)𝑐,

(𝐶14)𝑐 : 𝜆
UE
𝑛,𝑘 [𝑡] ≤ 𝑊SC

∑︁
∀𝑠∈S

𝑎
(𝑖)
𝑛,𝑘,𝑠

Ψ𝑐,𝑡
𝑛,𝑘,𝑠

(p̄𝑐[𝑡]) + 𝑏
(𝑖)
𝑛,𝑘,𝑠

, (2.38)

where Ψ𝑐,𝑡
𝑛,𝑘,𝑠

(p̄𝑐[𝑡]) is de�ned as

Ψ𝑐,𝑡
𝑛,𝑘,𝑠

(p̄𝑐[𝑡]) ≜ ln(ℎ𝑛,𝑘,𝑠[𝑡]) + 𝑝𝑛,𝑘,𝑠[𝑡]

− ln
(∑︁
∀𝑛′

∑︁
∀𝑘′∈K𝑐\𝑘

ℎ𝑛,𝑘′ ,𝑠[𝑡] exp(𝑝𝑛′ ,𝑘′ ,𝑠[𝑡]) + 𝐼
𝑐,(𝑖)
𝑛,𝑠 + 𝜎2

𝑛

)
. (2.39)

Proof: Using the similar approach described in Sub-Section 2.3.1, (𝐶14) can be ap-

proximately convexi�ed by utilizing function 𝑎 ln(𝑥) + 𝑏. Then, (𝐶14)𝑐 can be rewritten as

(𝐶14)𝑐 with speci�c values of 𝑎
(𝑖)
𝑛,𝑘,𝑠

, Ψ𝑐,𝑡
𝑛,𝑘,𝑠

(p̄𝑐[𝑡]), and 𝑏
(𝑖)
𝑛,𝑘,𝑠

. Additionally, exploiting the same

approach introducing the new variables p̄𝑐[𝑡] ≜ [𝑝𝑛,𝑘,𝑠[𝑡]]∀(𝑛,𝑘,𝑠)∈(N𝑐×K𝑐×S), one can replace

(𝐶1)𝑐 − (𝐶3)𝑐 and (𝐶7)𝑐 by (𝐶1)𝑐 − (𝐶3)𝑐 and (𝐶7)𝑐, respectively.

Remark 2. Due to the relatively long distance separating the clusters, the inter-cluster in-

terference is assumed to be very minimal. Therefore, our decentralized design treats these

inter-cluster interference components as �xed colored noise in each iteration. However, these

terms are still re-estimated after each iteration to evaluate the SINR at the users precisely.
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In sub-problem
(
Pclus
II,c

)
, the second term of the objective function, given in (2.38), can

be considered as the balancing term corresponding to the LEO BW allocation. Herein, the

parameter 𝝉 needs to be adjusted to drive the solutions of all problems
(
Pclus
II,c

)
's to meet con-

straint (𝐶5). One e�cient conventional approach for this purpose is the use of the subgradient

descent method [81]. In this method, the Lagrangian multiplier 𝝉 can be updated as

𝜏
(ℓ+1)
𝑚 [𝑡] = 𝜏

(ℓ)
𝑚 [𝑡] − 𝜗ℓ(𝑊LEO

𝑚 −
∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛), (2.40)

where 𝜗ℓ 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 𝑔Lag is a convex function.

(ii) Its sub-gradient at 𝜏𝑚[𝑡] is 𝑊
LEO
𝑚 − ∑

∀𝑛∈N𝑊
BS
𝑚,𝑛.

(iii) The sub-gradient updating method described in (2.40) is guaranteed to converge to the

optimal solution of (2.34) if problem (2.35) is solved optimally and 𝜗ℓ 's are set according

to �the square summable but not summable step size rule� [81].

(iv) Once, the conditions given in (iii) are satis�ed, the convergence rate of the sub-gradient

method is O(1/
√
ℓ).

Proof: The proposition can be proved brie�y based on the results described in [81,82]

as follows:

(i) It can be seen that 𝑔Lag(𝝉) is the pointwise supremum of a family of a�ne functions,

𝑔Lag(𝝉) is convex [82].

(ii) The choice of 𝑊LEO
𝑚 −∑

∀𝑛∈N𝑊
BS
𝑚,𝑛 as the sub-gradient for 𝜏𝑚[𝑡] is justi�ed by the fact that

𝜏𝑚[𝑡] is the Lagrangian multiplier associated with the constraint (𝐶5).

(iii) Due to the results given in Section 2 of [81], 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 𝜗ℓ = 1/ℓ.

(iv) Using the sub-gradient descent method to solve the dual problem; hence, its convergence

rate is O(1/
√
ℓ) [81].
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Moreover, the duality gap is discussed in the following remark and proposition.

Remark 3. The strong duality does not hold for the dual problem (2.34) and the corresponding

primal problem (2.25) since (2.25) is non-convex. It is important to highlight that the use of

Lagrangian decomposition enables the parallel optimization execution across local clusters,

helping to overcome the challenges in the centralized solution implementation related to the

overload of controller links, execution delays, and scalability.

Proposition 4. Let (PII) and (DII) be the aggregation of all (Pclus
II,c )'s and its dual problem,

respectively. If the inter-cluster interference is neglectable, i.e., 𝐼𝑐𝑛,𝑠 ≈ 0, the strong duality

holds for (PII) and problem (2.27) in the centralized algorithm.

Proof: Problem (PII) formed by aggregating all cluster sub-problems (Pclus
II,c ), ∀𝑐, can

be formulated as

(PII) max
{p𝑐 ,P𝑐 ,W𝑐 ,

𝝀UE𝑐 ,𝝀BS𝑐 }∀𝑐

∑︁
∀𝑐

(
∑︁

∀𝑛∈N𝑐

∀𝑘∈K𝑐

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] −

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡]
∑︁

∀𝑛∈N𝑐

𝑊BS
𝑚,𝑛[𝑡])

s.t.(𝐶1)𝑐 − (𝐶3)𝑐, (𝐶4)𝑐, (𝐶7)𝑐, (𝐶8)𝑐, (𝐶11)𝑐, (𝐶13)𝑐, (𝐶14)𝑐,∀𝑐.

By integrating the variables and index sets, the aggregation set of constraints (𝐶1)𝑐 − (𝐶3)𝑐,

(𝐶4)𝑐, (𝐶7)𝑐, (𝐶8)𝑐, (𝐶11)𝑐, (𝐶13)𝑐,∀𝑐 are equivalent to (𝐶1) − (𝐶3), (𝐶4), (𝐶7), (𝐶8), (𝐶11),

(𝐶13), respectively. In addition, if we suppose that the inter-cluster interference is very

minimal 𝐼𝑐𝑛,𝑠 ≈ 0, the approximated rate function Ψ𝑐,𝑡
𝑛,𝑘,𝑠

(p𝑐[𝑡]) = Ψ𝑡
𝑛,𝑘,𝑠

(p[𝑡]). Hence, the

aggregation set of constraints (𝐶14)𝑐,∀𝑐 is equivalent to constraint (𝐶12). Subsequently,

problem (PII) can be rewritten as

(PII) max
p,P,W,𝝀UE,𝝀BS

∑︁
∀(𝑛,𝑘)

𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘 [𝑡] +

∑︁
∀𝑚∈M𝑡

𝜏𝑚[𝑡](𝑊
LEO

𝑚 −
∑︁
∀𝑛∈N

𝑊BS
𝑚,𝑛[𝑡])

s.t. (𝐶1) − (𝐶3), (𝐶4), (𝐶7), (𝐶8), (𝐶11), (𝐶12), (𝐶13),

wherein the term
∑

∀𝑚 𝜏𝑚[𝑡]𝑊
LEO

𝑚 is added to the objective to restore the relaxed form of BW

constraint associated with 𝝉, that does not change the optimality of problem (PII).

Let denote FII ≜ {Ω|Ω satis�es (𝐶1) − (𝐶3), (𝐶4),(𝐶7), (𝐶8), (𝐶11), (𝐶12), (𝐶13)} is the

feasible set of the relaxed problem (PII), the dual problem of (PII) can be expressed as

(DII) min
𝝉

sup
Ω∈FII

𝐿(Ω, 𝝉) s.t. 𝜏𝑚[𝑡] ≥ 0,∀(𝑚, 𝑡), (2.41)
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where 𝐿(Ω, 𝝉) =
∑

∀(𝑛,𝑘)𝜔𝑘 [𝑡]𝜆
UE
𝑛,𝑘

[𝑡] +
∑

∀𝑚∈M𝑡
𝜏𝑚[𝑡](𝑊

LEO

𝑚 − ∑
∀𝑛∈N𝑊

BS
𝑚,𝑛[𝑡]). Notably, problem

(DII) is also the dual problem of (2.27). Since the problem (2.27) is convex, the strong duality

holds for (DII) and (2.27).

Remark 4. Thanks to Proposition 3, if problems
(
Pclus
I,c

)
are solved optimally and the La-

grangian variables 𝝉 are updated as in (2.40) based on the bandwidth allocation solution W,

the convergence of the decentralized algorithm can be guaranteed. The strategy for exchang-

ing and updating the Lagrangian variables 𝝉 will be discussed in the subsequent section. Al-

though Algorithm 2 may not obtain the optimal solution of W in each iteration due to the

approximation attempt, the implementation of compressed sensing and SCALE methods in

this algorithm�well-known as highly e�ective tools for dealing with sparsity and non-convex

sum logarithm-rate maximization problems�can facilitate an e�cient solution. Consequently,

the convergence of Algorithm 2 is feasible, as demonstrated in Section 2.5. Furthermore, the

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

implementation.

Decentralized Algorithm Implementation with Limited Signaling

To provide clarity on the practical implementation, Fig. 2.4 is presented to outline the exe-

cution steps and data exchange between the cluster LCs and CNC. Speci�cally, the process

can be summarized as follows:

(a) After obtaining the initial Lagrangian multiplier 𝝉(0) each cluster LC solves its corre-

sponding 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 𝝉 to all LCs.

This process is reiterated until the convergence of the solution is attained. Moreover, as

depicted in Fig. 2.1, one assumes the existence of a limited-capacity link between every LC

and the CNC. Given the low-bit exchanging data (𝑊BS
𝑚,𝑛 and 𝜏

(ℓ)), the signaling process can

be carried out with low latency.

Remark 5. Two proposed algorithms are designed based on the min-time optimization problem

(2.19), however, they can easily adapt to the max-sum-rate objective with a simple modi�cation.
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Figure 2.4: Exchange data between local cluster controllers and CNC.

Indeed, by removing the weights 𝜔𝑘 at the objective functions of (2.27) and sub-problems Pclus
II,c ,

the proposed centralized algorithm and decentralized algorithm can directly apply to solve the

max-sum-rate optimization problem.

2.4 Other Solutions and Complexity Analysis

2.4.1 Greedy Algorithm

Regarding BS-LEO links in each TS, each BS selects an LSat having the strongest channel

gain for communication. Consequently, every LSat assigns equal BW to its associated BSs.

Every BS spends all its power budget to forward UEs data, based on which the backhaul

capacity 𝑅BS
𝑛 of the BSs is de�ned. Then, in every TS, one updates the set of UEs asking

for data transmission, i.e., KD. Then, each UE in KD selects the BS o�ering 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-�lling 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-LSat backhaul

link is violated. The Greedy Algorithm is detailed in Algorithm 3, wherein 𝑅total𝑛 is the total

UE rate at BS𝑛.

2.4.2 Other Benchmark Solution

As shown in Table 2.1, Di et al. [12] studied some technical aspects similar to our work without

optimizing the transmission power at UEs. However, [12] allocates only one sub-channel to

each UE, letting each BS connect to multiple LSats 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 [12], namely Di Algorithm, for a fair evaluation. The

main modi�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
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Algorithm 3 Greedy-Based Algorithm to Solve (2.19)

1: Set 𝑡 = 1 and KD = K.
2: repeat
3: for 𝑛 = 1 → 𝑁 do

4: BS𝑛 associates with LEO𝑚 with the best channel gain. Set 𝜇𝑚,𝑛 = 1 and 𝑃𝑛[𝑡] := 𝑃max
𝑛 .

5: end for

6: Each LSat uniformly allocates BW to linked BSs.
7: Each UE𝑘 ∈ KD selects BS𝑛 with the best channel gain.
8: Each BS assigns SCs to UEs in descending order of channel gain.
9: Build matrix 𝜶. Set 𝑝max

UE
= 𝑝max

UE
.

10: for 𝑛 = 1 → 𝑁 do

11: while 𝑅BS𝑛 < 𝑅total𝑛 or |𝑅BS𝑛 − 𝑅total𝑛 |> 𝜖rate. do
12: Utilize water-�lling algorithm for each UE linked with BS𝑛 to �nd power allocation using 𝑝max

UE
as

the maximum power.
13: Adjust 𝑝max

UE
by bisection search method based on 𝑅total𝑛 .

14: end while

15: end for

16: Calculate 𝑑𝑘 [𝑡],∀𝑘 based on (2.18).
17: ∀𝑘 ∈ KD, remove UE𝑘 with 𝑑𝑙[𝑡] = 0: KD = KD − {𝑘}.
18: Set 𝑡 = 𝑡 + 1.
19: until KD = ∅.
20: Output: The solution (p,P,W,𝜶, 𝝁).

one LSat; (iv) ignoring the inter-satellite interference, then utilizing the water-�lling method

to allocate power transmission for BSs.

2.4.3 Complexity Analysis

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 assignment process in Step 8 is O(𝑁𝑆). For the power allocation

work given in Steps 10-15, one requires − log2(𝜖pow) and − log2(𝜖rate) iterations to �nd 𝑝
max
UE

level and water level by bisection search method, respectively. Additionally, the complexities

of obtaining UE power control and calculating the data remaining are O(𝑁𝐾𝑆) and O(𝐾)

computations, respectively. In summary, the complexity of the greedy algorithm can be

expressed as

𝑋Gre.Alg. = O
(
𝑇Gre𝑁𝐾𝑆 log2(𝜖rate) log2(𝜖pow)

)
, (2.42)

where 𝑇Gre is the number of TS required for uploading all UE data of the greedy algorithm.
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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(𝑁𝐾2𝑆2𝑆). For the BS-LSat transmission, the three-dimension

matching approach is applied again for the LSat-BS-SC association to let each BS can connect

to one LSat over at most 𝑆BS SCs. The complexity of this process can be expressed as

O(𝑀𝑁2𝑆2
LEO
𝑆BS), where 𝑆LEO is the number SCs in the LSat-BS transmission. In summary,

the complexity in terms of big-O of Di Algorithm can be expressed as

𝑋Di.Alg. = O
(
𝑁out(𝑁𝐾

2𝑆2𝑆 + 𝑀𝑁2𝑆2LEO𝑆BS)
)
, (2.43)

where 𝑁out is the number of outer iterations for convergence.

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 implement each algorithm, the successive convex problems (2.27) and (2.38) should be

transformed into the conic form which is accepted by the convex solvers, e.g., MOSEK [83,84],

resulting in requires extra constraints and auxiliary variables. Regarding the centralized

algorithm, one needs to deal with problem (2.27) several times. According to [84], this problem

can be transformed into a conic problem which consists of 𝑥1 = 𝑁𝐾𝑆 + 𝑁𝑆 + 𝑁𝐾 + 4𝑁 +

2𝐾 + 𝑀𝑡 linear constraints, 𝑦1 = 𝑁2𝐾2𝑆 + 2𝑁𝐾𝑆 + 𝑀𝑡𝑁 exponential cone constraints, and

𝑧1 = 𝑁2𝐾2𝑆+4𝑁𝐾𝑆+𝑁𝐾+3𝑀𝑡𝑁+𝑁 variables. Based on [84,85], to obtain 𝜖-accuracy solution

for problem (2.27), the connect-based solving procedure requires a number of O
(
3 log(1/𝜖)

)
sub-steps. Therefore, the complexity of the centralized algorithm can be expressed as

𝑋Cen = O
(
9𝑇Cen𝑁iter log(1/𝜖)

( (
2(𝑧1 + 1) + 𝑥1

)3
+ 𝑦1

) )
, (2.44)

where 𝑁iter is the number of inner-loop iterations, 𝑇Cen is the required number of TSs due to

the centralized algorithm.
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Table 2.2: Simulation Parameters

Parameter Value Parameter Value

Number of BS clusters 6 LSat BW, 𝑊LEO 20 MHz
Number of UEs, 𝐾 60 Orbit type Walker-star
Number of BSs, 𝑁 18 Number of BSs per cluster 3
LSat altitude 600 km LSat velocity 7.57 km/s
Number of satellite orbits 2 LSat antenna gain, 𝐺LEO 37.1 dBi
UE data demand, 𝐷̄ 5 Mbits SC BW, 𝑊SC 720 kHz (𝜇 = 2)
BS antenna gain, 𝐺BS 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, 𝑇𝑆 30 ms Max. UE transmit power, 𝑝max

UE 26 dBm
Rician 𝜅 factor, 𝜅TN 5 dB Max. BS transmit power, 𝑃max

BS 14 dBW
Radius of TN cell 200 m Considered area (7km × 5km)
Satellite 3dB beam diameter 12.35 km Noise power density -174 dBm/Hz

For the decentralized algorithm, it is equivalent to a conic problem with 𝑥2 = 𝑁𝑐𝐾𝑐𝑆 +

𝑁𝑐𝑆+𝑁𝑐𝐾𝑐+4𝑁𝑐+2𝐾𝑐+𝑀𝑡 linear constraints, 𝑦2 = 𝑁2
𝑐𝐾

2
𝑐𝑆+2𝑁𝑐𝐾𝑐𝑆+𝑀𝑡𝑁𝑐 conic constraints,

and 𝑧2 = 𝑁2
𝑐𝐾

2
𝑐𝑆+4𝑁𝑐𝐾𝑐𝑆+ 𝑁𝑐𝐾𝑐 +3𝑀𝑡𝑁𝑐 + 𝑁𝑐 variables. Therefore, its complexity can be

written as

𝑋Dec = O
(
9𝑇Dec𝑁iter𝑁Lag log(1/𝜖)

( (
2(𝑧2 + 1) + 𝑥2

)3
+ 𝑦2

) )
, (2.45)

where 𝑁Lag is the number of Lagrangian iterations, 𝑇Dec 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.

2.5 Numerical Results

2.5.1 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 × 5 km2, with the center geographical coordinate set at (𝜑0, 𝜃0) = (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 𝜚c𝑚,𝑛[𝑡] is assumed to follow �log-

normal distribution� with a mean of 2.6 dB and a variance of 1.63 dB [86], while the cloud

attenuation 𝜚r𝑚,𝑛[𝑡] is set as detailed in [87]. The Doppler shift, 𝜈
𝑡
𝑚, is calculated based on LSat

velocity and position as described in [88]. Other key parameters are listed in Table 2.2. 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.
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Figure 2.5: The LSat-BS association result over TSs.
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Figure 2.6: Sum-rate of the centralized algorithm in TS 1 over iterations.

2.5.2 Numerical Results

Fig. 2.5 displays a simulated topology along with the LSat-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 2.2.2

and parameters in Table 2.2. It can be observed that BSs in the service area tend to prioritize

connection with the nearest LSat due to the strong channel gain (the middle LSat in Fig. 2.5).

However, due to limited backhaul capacity, several BSs connect to distant LSats. Moreover, it

can be seen that LEO switching does not occur too frequently. Speci�cally, in this duration,

there are a few BSs that need to switch their LEO association.

Fig. 2.6 illustrates the SR achieved by the proposed Cen-Alg over iterations in TS 1 for

di�erent settings. As can be observed, in all settings, the achieved SR increases and saturates

after just a few tens of iterations, that has con�rmed the convergence of our proposed Cen-Alg.

For instance, with the settings of (𝑃max
BS , 𝑆, 𝐾) = (14, 8, 60) and (𝑃max

BS , 𝑆, 𝐾) = (18, 8, 60), our

proposed Cen-Alg requires approximately 23 and 26 iterations for convergence, respectively.
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Figure 2.7: Sum-rate and BW of proposed Dec-Alg in TS 1 over iterations.
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Figure 2.8: Average TS number vs. BS max power.

Even with a larger setting, (𝑃max
BS , 𝑆, 𝐾) = (18, 8, 60) and (𝑃max

BS , 𝑆, 𝐾) = (14, 8, 72), a similar

number of iterations for convergence is required, i.e., about 28 and 27 iterations, respectively.

Fig. 2.7 depicts the SR convergence and the allocated BW of each LSat 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, during

the initial iterations, the algorithm delivers superior SR performance, but there are some

LSats where the total allocated BW exceeds the maximum BW at the LSat (indicated by the

threshold dashed line). This phenomenon occurs due to the relaxation of the BW constraint

at each LSat. However, thanks to the adjustment of the Lagrangian multiplier 𝝉 based on

(2.40), the BW violation decreases in later Lagrangian iterations, and the BW allocation

constraint is ful�lled upon achieving convergence.

To assess the e�ect of backhaul link capacity, Fig. 2.8 depicts the average numbers of TSs
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Figure 2.9: Average TS number vs. LEO BW.

required to meet UE demand according to the four algorithms versus di�erent 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 𝑃max
BS = 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, speci�cally around 85.6 and 83.2

TSs, respectively. Across all settings of 𝑃max
BS , 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 in�uence of the backhaul link capacity, Fig. 2.9 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 LSats. The trend of the results in this �gure is

similar to that shown in Fig. 2.8, 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 𝑊LEO = 40 MHz, the proposed Cen-Alg and Dec-Alg require

approximately 42.8 and 46.5 TSs to ful�ll UE demand, while the benchmark algorithms require

about 65.5 and 67.6 TSs, respectively. Contrary to the results in Fig. 2.8, the performance gap

between the proposed algorithms and the two benchmark algorithms is larger with a smaller

𝑊LEO. This phenomenon demonstrates the e�ciency and capability of the two proposed

algorithms to exploit LSat BW compared to the benchmarks.

Subsequently, Fig. 2.10 illustrates the average number of TSs as a function of the UE
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Figure 2.11: The number of TSs versus the number of SCs.

transmission power budget. Again, the two proposed algorithms consistently provide superior

solutions with a signi�cant performance gap compared to the benchmarks. With 𝑃max
BS =

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

𝑝max
UE = 18 dBm. These numbers of TSs are reduced to about 64.5, 67.2, 42 and 45.2 TSs at

𝑝max
UE = 30 dBm, respectively. Interestingly, the numbers of TSs corresponding to the four

schemes decrease quickly when 𝑝max
UE varies from 14 dBm to 18 dBm, but saturate when 𝑝max

UE

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 𝑃max
BS = 18

dBW. As expected, the number of TSs for the four algorithms decreases signi�cantly as 𝑝max
UE

increases. When 𝑝max
UE 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 algorithms. 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 𝑝max
UE = 30 dBm.

Next, Fig. 2.11 illustrates the impact of the number of SCs on the system performance in
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Figure 2.12: Required-TS number vs. UE data demand.

terms of the complete time of UE data upload. With 𝑃max
BS = 14 dBW, the benchmark algo-

rithms require a similar number of TSs across all di�erent settings of 𝑆, and this transmission

time is much larger than those of the two proposed algorithms. Speci�cally, 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. 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. 2.10, this indicates the presence of a

backhaul link bottleneck. When we increase 𝑃max
BS to 18 dBW, as expected, the number of

SCs has shown a more signi�cant impact on the number of TSs. In this case, the Di Algo-

rithm 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. 2.12 presents the TS numbers of four schemes as the functions of trans-

mission data-amount demanding by each UE, 𝐷̄. 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 𝐷̄. For instance, at 𝐷̄ = 3Mbits, 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 𝐷̄ = 9 Mbits,

these gaps grow to about 43.9 and 37.2 TSs. Again, this �gure con�rms the e�ectiveness of

the two proposed algorithms in comparison to the two benchmark algorithms when the data
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Figure 2.14: Sum-rate system and data remain versus TS of a realization with 𝑃max
BS = 18 dBW.

demand of the UE increases.

Fig. 2.13 illustrates the impact of variations in the number of UEs on transmission time

performance. With �xed resources, it is observed that an increased number of UEs necessi-

tates 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 Algo-

rithm 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 signi�cant and seem to remain relatively constant with di�erent 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 �gure also demonstrates the adaptability of our proposed algorithms

with varying numbers of UEs in the network.

Next, Fig. 2.14a and 2.14b 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 Algorithm achieves the lowest SR performance, thus it requires the largest number
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Figure 2.15: The number of switching BSs over TSs.

of TSs to complete UE demand, i.e., 46 TSs. Regarding the other three algorithms, the

di�erences among the SR achieved by these schemes are not signi�cant, 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 ful�ll UE

data demand in fewer numbers of TSs compared to the benchmarks. Speci�cally, 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 di�er. Therefore, adjusting the weight for the SR objective and accounting

for capacity balancing in the two proposed algorithms can enhance SR performance. These

�gures further clarify the e�ectiveness of the two proposed algorithms.

Finally, Fig. 2.15 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 signi�cant

�uctuation in the following 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-o� between the

two proposed algorithms in terms of workload o�oading for the CNC.
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2.5.3 Numerical-Result Discussion

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:

� Greedy Algorithm: establishing BS-UE and BS-LSat associations and SC assignments

based solely on channel gain. The UE power allocation is performed using the water-

�lling algorithm, which does not account for interference, potentially leading to low

performance.

� Di Algorithm: In this approach, UE transmit power is �xed. The resource management

task is split into two separate problems for TN and NTN. As a result, this algorithm does

not e�ciently address interference management and two-tier user association issues.

� Our Proposed Algorithms: Our algorithms perform a comprehensive optimization of

two-tier user associations, SC assignment, power control, and bandwidth allocation,

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.

Comparable Performance of Decentralized and Centralized 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. Speci�cally, in the

decentralized approach, problem (2.25) from the centralized framework is divided into sub-

problems Pclus
I,c for clusters as delineated in (2.36). Notably, each sub-problem Pclus

I,c shares a

similar structure with (2.25). Consequently, we employ the same technical methods, namely

compressed-sensing and SCALE methods, to solve them. The primary distinction between

the centralized and decentralized solutions lies in the latter's requirement for updating the

Lagrangian multiplier 𝝉. This challenge is e�ciently addressed using the sub-gradient descent

method. Therefore, the Dec-Alg can obtain comparable performance to that of the Cen-Alg.
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Figure 2.16: Time consumption of propagation and signaling procedures.
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Figure 2.17: Sum-rate of a delay-sensitive UE versus TS of a realization.

Practical Implementation Analysis

The studied network consists of two separate signal transmission hops, i.e., BS-UE and BS-

LSat, which are processed on di�erent 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-LSat hop, the time and frequency

synchronization can be conducted at each BS thanks to pre-compensation as outlined in

the standard [8]. It is noted that both proposed algorithms are executed at the ground

controllers without frequent signaling between LSats and ground segments. The eligible time

consumption is the propagation time for channel estimation between BS and LSat. Hence,

this time consumption is approximately 4 ms which is the round-trip-time between the LSat

and the ground segment calculated based on the LSat altitude of 600 km.

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

𝑇CNC,LC ≤ 1.43×10−8 s. On the other hand, it can be seen that the Dec-Alg requires about 15

Lagrangian iterations for convergence as per Fig. 2.7. Based on the data exchange procedure

described in Fig. 2.4, the time consumption due to the signaling procedure can be calculated

as 𝑇sig ≈ 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. Speci�cally, the time consumption due

to propagation and signaling procedure is described as per Fig. 2.16.
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Figure 2.18: Number of TSs versus 𝑇max of a realization.

Impact of Temporary Link Disruption

Regarding one user's data transmission during a speci�c time window, temporary link dis-

ruptions 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 par-

ticularly 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,

(𝐶Dl) : 𝑡𝑘 ≤ 𝑇max
𝑘 ,∀𝑘 ∈ Ksen, and 𝑑𝑘(𝑡𝑘) = 0,∀𝑘, (2.46)

wherein 𝑡𝑘 indicates the TS in that the DUE𝑘 can �nish transmitting all data while 𝑇
max
𝑘

stands

for the delay tolerance of DUE𝑘 . To satisfy this constraint, we proposed the weight update

approach instead of (2.21) as

𝜔𝑘 [𝑡] = 𝑇max
𝑘 /(max(0, 𝑇max

𝑘 − 𝑡) + 𝜖)𝑑𝑘 [𝑡],∀𝑘 ∈ Ksen. (2.47)

Based on this, the DUEs have higher priority for resource allocation at the TS closed to their

TS tolerance, i.e., 𝑇max
𝑘

.

To evaluate the e�ectiveness of this updated approach in meeting the delay requirements

for DUEs, we consider an additional simulation scenario in which 20% of all UEs are DUEs

and their delay-tolerance for the DUEs varies from 12 to 24 TSs. In Fig. 2.17, one depicts the

SR of a DUE with the di�erent delay requirements 𝑇max
𝑘

, 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 satis�ed in all cases for this UE. However, the

e�ort to satisfy the delay requirement impacts the overall system performance. Particularly,

Fig. 2.18 shows the TS number to o�oad all UEs data for the various delay requirements
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𝑇max
𝑘

. 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-o� between satisfying delay requirements

and maintaining overall system performance.

2.6 Summary

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 o�oading computations from the central node,

we proposed Dec-Alg capable of parallel execution at local network controllers e�ciently.

Through a range of numerical evaluations, both proposed algorithms demonstrated superior

performance in terms of transmission time minimization and practicality, compared with

two benchmarks. Additionally, the simulation results highlighted the proposed algorithms'

e�ectiveness in terms of capacity balancing, SR performance, and adaptation ability, further

validating their advantages and potential utility in real-world applications.

This study o�ers avenues for further extension, particularly in addressing the challenges of

handover and scalability. Particularly, the handover between BSs and LSats, 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 fre-

quent 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 implementation. Additionally, the application of machine

learning and deep learning-based mechanisms o�ers 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 [89�91], may facilitate comprehensive

exploration in future research endeavors.
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Enhanced Throughput and Seamless

Handover Solutions for 5G-ISTNs

T
HIS chapter investigates downlink transmission in 5G-ISTNs supporting automotive

UEs in urban environments, where BSs and LSats cooperate to serve moving UEs

over shared C-band frequency carriers. Urban settings, characterized by dense obstructions,

together with UE mobility, and the dynamic movement and coverage of LSats pose signif-

icant challenges to user association and resource allocation. To address these challenges,

we formulate a multi-objective optimization problem designed to improve both throughput

and seamless HO. Particularly, the formulated problem balances sum-rate (SR) maximization

and connection change (CC) minimization through a weighted trade-o� by jointly optimizing

power allocation and BS-UE/LSat-UE associations over a given time window. This is a mixed-

integer and non-convex problem which is inherently di�cult to solve. To solve this problem

e�ciently, we propose an iterative algorithm based on the Successive Convex Approximation

(SCA) technique. Furthermore, we introduce a practical prediction-based algorithm capable

of providing e�cient solutions in real-world implementations. Especially, the simulations use

a realistic 3D map of London and UE routes obtained from the Google Navigator application

to ensure practical examination. Thanks to these realistic data, the simulation results can

show valuable insights into the link budget assessment in urban areas due to the impact of

buildings on transmission links under the blockage, re�ection, and di�raction e�ects. Fur-

thermore, the numerical results demonstrate the e�ectiveness of our proposed algorithms in

terms of SR and the CC-number compared to the greedy and benchmark algorithms.

61
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3.1 Introduction

In recent years, wireless communication networks have rapidly evolved to meet increasing

tra�c demands and connectivity needs. Consequently, terrestrial networks (TNs) have been

swiftly deployed to accommodate this growth. However, TNs often struggle to maintain the

connectivity and quality of service for a vast number of devices. Therefore, the next-generation

network aims to provide extensive and seamless connectivity, addressing the high tra�c de-

mands and service requirements of new applications [2�4]. Especially, these requirements

become more crucial in urban environments that generally have high tra�c and user demand.

A straightforward solution is the dense deployment of base stations (BSs) to enhance network

coverage and capacity. However, this approach can be challenging and costly to implement.

Additionally, satellite communication (SatCom) emerges as a promising solution to expand

network coverage and capacity [55]. Particularly, due to the ubiquitous and high capacity,

SatCom can provide complementary coverage, aid in o�oading for TNs, and jointly serve

with TNs. This approach is supported by the United States (US) Federal Communications

Commission (FCC), which has proposed complementary coverage for TNs from space seg-

ments [23]. Although satellite coverage is typically seen as the solution for areas lacking TN

connectivity, using SatCom in urban environments, rather than relying on dense base sta-

tion (BS) deployment, presents a cost-e�ective alternative. This approach not only enhances

coverage but also helps tra�c o�oading, addressing issues of susceptibility to blockage and

congestion events, respectively. While SatCom was previously expensive, costs have now de-

creased, especially for Low Earth Orbit satellites (LSats). Hence, reasonable manufacturing

and launching costs of LSats led to many interests in developing LEO constellations such as

Starlink and OneWeb. Compared to geostationary and medium-earth orbit satellites, LSats

o�er higher channel gain and lower latency due to their lower altitude, making the integration

of satellite and TN systems more feasible [49].

Traditionally, TNs and SatCom Networks (SatNets) have operated in distinct frequency

bands (RFBs) due to spectrum regulation. However, to meet the growing demand for connec-

tivity, both networks have expanded their spectrum utilization, resulting in the development

of coexistence radio-access systems. For instance, many countries have extended the TN

radio frequency (RF) spectrum into the millimeter-wave frequency and C-band (3.4 − 4.2

GHz). Concurrently, signi�cant e�orts from academia and industry aim to lower the RFBs
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of Non-Terrestrial Networks (NTNs), including SatNets, from Frequency Range 2 (FR2) to

Frequency Range 1 (FR1), incorporating bands such as the S-band and L-band [25], which

can o�er better penetration through precipitation and a longer propagation distance com-

pared to higher RFBs. Following this trend, Mediatek has proposed scenarios in which the

TN spectrum is shared with NTNs under complementary management [22]. Notably, various

coexistence scenarios between TNs and NTNs have been investigated by 3GPP [9].

In light of the evolving trend toward Integrated Satellite-Terrestrial Networks (ISTNs),

sharing the same RFBs between TN and NTN systems is considered a promising solution to

enhance spectrum e�ciency and increase overall network capacity. Based on the agreement

between terrestrial and satellite operators, BSs and LSats can work together in ISTNs to

provide Internet connectivity. This approach is further supported by the FCC, which has

proposed the co-primary use of mobile and satellite services within the same RFBs [23].

Furthermore, direct-to-device connectivity has attracted signi�cant attention and is supported

by the European Space Agency [92]. Hence, this approach o�ers the advantage of improving

seamless connectivity by allowing UEs to transit smoothly between TN and NTN systems

[9,23]. Moreover, the C-band has emerged as a critical RFB for future networks. Historically

reserved for Fixed Satellite Services (FSS), the C-band is now attracting interest from TN

operators due to its wide coverage and high capacity. In the US, the FCC has implemented

a plan to repurpose 280 MHz of C-band spectrum from FSS downlink (DL) to 5G, requiring

satellite companies to vacate this portion by December 2023 [27]. In Europe, the Radio

Spectrum Policy Group has identi�ed three key bands for 5G deployment: 700 MHz for broad

coverage, 3.4 GHz for a balance between coverage and capacity, and 26 GHz for high-speed

data rates, with the 3.4 GHz C-band designated as the primary band for implementation.

Additionally, 3GPP has de�ned three speci�c C-band frequencies (𝑛77, 𝑛78, and 𝑛79) for

5G-NR [24], underscoring the C-band's pivotal role in the future of ISTNs.

Although LSats in ISTNs o�er substantial bene�ts, such as enhanced capacity, improved

coverage, and seamless connectivity, their inherent movement introduces signi�cant dynamic

challenges. The extensive coverage provided by satellites also introduces heterogeneity in

ISTNs in terms of propagation environments due to the diverse characteristics of the TN areas

(urban, suburban, rural) and even environmental di�erences within a single urban area [30].

This environmental diversity necessitates accounting for the varying impact of the environ-

ment within the ISTN's coverage in system design. Additionally, UE mobility, particularly the
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movement of vehicles in urban areas, further complicates the network dynamics [31]. Although

utilizing the same RFB in ISTNs, such as the C-band for DL as per the current spectrum

regulation, can enhance spectrum e�ciency, increase system capacity, and support seamless

connectivity, it also introduces critical cross-interference issues between TN and NTN sys-

tems. Consequently, system design must carefully address seamless handovers, cross-system

interference, and resource allocation, factoring in the unique characteristics of urban environ-

ments and realistic UE mobility to ensure these challenges are adequately re�ected in practical

deployments.

3.1.1 Related Works

Recently, the analysis of interference in TN-NTN coexistence and spectrum sharing systems

has been investigated in many works [9, 28, 29, 93, 94]. In [9], the 3GPP has considered

various TN-NTN coexistence scenarios wherein TN and NTN systems operate in adjacent

bands in the S-band. Subsequently, the throughput loss due to adjacent channel interference

was investigated. In [28, 29], the coexistence systems in C-band were studied. Particularly,

the authors in [28] analyzed the impact of TNs on DL FSS systems wherein the aggregated

interference of 5G BSs at the ground FSS receiver was investigated. Subsequently, the switch-

o� and power-back-o� schemes are proposed to reduce the interference from critical BSs. The

authors in [29] conducted the measurement of the interference power caused by TN BSs to

the FSS receiver. Subsequently, the impact of various experimental deployment scenarios of

the tuner and �lter on the interference has been carried out. Additionally, in [93, 94], the

performance analysis is studied based on the stochastic geometry. In particular, the authors

in [93] studied di�erent coexistence scenarios in the S-band, where the system performances in

terms of coverage and rate probability were analyzed. In [94], the authors studied a system-

level performance analysis for the sharing systems, where the ergodic spectrum e�ciency

of LEO-SatNets is provided when the SatNet spectrum is shared with TNs. However, in

these works, the impact of complex environments, such as in urban areas, is not considered.

Furthermore, these works focus on snap-shot model analysis without considering the dynamics

of systems.

Besides, the resource allocation in spectrum-sharing systems has been studied in many

works [16,17,45�48]. In [16,45�47], the snap-shot-based spectrum-sharing scenarios for ISTNs

have been studied. In particular, the authors in [45] studied cooperative and competitive
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scenarios between TN and SatNet systems, where the second-price auction mechanism is

designed to achieve equilibrium between channel sharing from TNs and o�oading ability

from SatNets. In [46], the authors studied the NOMA ISTNs where one satellite provides

the backhaul link for BSs and the access link for UEs in the C-band. The system bandwidth

(BW) is shared between the backhaul and access links. Subsequently, the user association

(UA), BW allocation, and power allocation (PA) are optimized under the QoS and backhaul

link constraints. In [47], the author examined various TN-NTN spectrum-sharing scenarios.

Subsequently, the interference-aware and group-sharing mechanisms are studied for NTN UL

transmission in the reverse paring spectrum sharing scenario, which aims to group and assign

BSs and UEs to resource blocks. The authors in [16] studied the rate splitting multiple access

(RSMA)-based spectrum sharing systems, wherein the SR maximization problems in RSMA

systems are considered for underlay and overlay spectrum sharing scenarios. However, the

snap-shot-based models in these works can not consider the dynamics of networks, especially

the LEO-SatNets. Furthermore, these studies are limited to single-satellite scenarios.

Subsequently, the time-varying systems have been studied in [17,48]. In [48], author pro-

posed a dynamic spectrum-sharing mechanism in which bandwidth allocation for each network

is determined based on its load, with coordination managed by a spectrum management server.

The authors in [17] investigated beam management and scheduling in coexistence networks,

focusing on LSat transmissions to satellite cells. In this scenario, TNs and SatNets operate

in separate RFBs, with the TN band temporarily shared with SatNets. To address this,

the study proposed sequential solutions for handover, beam selection, and spectrum sharing.

However, the analysis was limited to the system level, without considering BS/LSat-to-UE

transmissions, which may pose challenges in accounting for UE mobility. Furthermore, ex-

isting studies on coexistence and spectrum-sharing systems predominantly rely on statistical

channel models, which limit their ability to accurately capture environmental characteristics

in the system model. Although the TN-based UA/PA problems have been extensively stud-

ied in literature such as [95, 96], the joint optimization of BS/LSat-UA/PA in co-primary

spectrum-sharing ISTNs, incorporating a realistic channel model based on an actual three-

dimensional (3D) urban map, remains largely unexplored. This chapter aims to address this

research gap.
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3.1.2 Research Contributions

In this work, we study a time-window (TW)-based UA and PA mechanism for ISTNs in

urban environments wherein TNs and SatNets use the same RFB in the C-band. The main

contributions of this work can be summarized as follows.

� We analyze time-varying systems and transmission models for ISTNs operating in the

same RFB. Particularly, the utilized channel and antenna models are especially com-

patible with the ray-tracing (RayT) mechanism and the actual 3D maps, which can

apply to various areas thanks to the 3D map availability in the OpenStreetMap re-

sources [97]. Based on which we formulate a multi-objective optimization problem that

aims to maximize the sum-rate (SR) while minimizing the number of connection state

changes (CCs), with joint optimization of BS/LSat-UA and PA. This problem is cate-

gorized as mixed-integer non-convex programming, which presents challenges for direct

solutions.

� To address this problem, we propose two iterative algorithms using the successive-

convex-approximation (SCA) method. The �rst algorithm can provide the solution

over the entire TW but requires knowledge of the channel gain for the entire TW, which

can be challenging in practice. For practical implementation, we further introduce the

second prediction-based iterative algorithm. Speci�cally, we develop an RayT-based

mechanism to sequentially predict the channel gain, enabling the solution of consecu-

tive sub-TW problems.

� For practical simulations, we utilize a realistic 3D map of London to assess the impact

of the urban environment on ISTN channels and performance. Additionally, UE mobil-

ity and network load are modeled based on actual routes from Google Navigator and

population data. The simulation results provide valuable insights into the impact of

the urban environment with the blockage, re�ection, and di�raction e�ects on the time-

varying link budget. Moreover, the numerical results demonstrate the superiority of

our proposed algorithms over benchmark schemes in solving the joint SR-CC optimiza-

tion problem. Furthermore, the small gap in performance between the two proposed

algorithms highlights the e�ectiveness of the prediction-based approach.

The preliminary result of this work were presented in [31] wherein only the UA for SR max-

imization problem was studied. The rest of this chapter is organized as follows. Section 3.2
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Management System

Figure 3.1: System model.

presents the system model and the problem formulation. Section 3.3 and 3.4 show the pro-

posed algorithms, the benchmark algorithms, and the complexity analysis. Section 3.5 and

3.6 provide the simulation and numerical results and the conclusion, respectively.

3.2 System Model

In this work, we study ISTNs as per Fig. 3.1, where LSats and BSs jointly serve multiple

automotive UEs. Speci�cally, we focus on urban environments where the impact of buildings

is considered, and the UEs represent moving vehicles on city streets. According to the current

spectrum regulation discussed above with the coexistence and overlap of TN and NTN DL

transmission in the C-band, we study the DL operation of ISTNs wherein we assume that TNs

and NTNs operate in the same RFB. LetN ≜ {1, . . . , 𝑁}, M ≜ {1, . . . , 𝑀} andK ≜ {1, . . . , 𝐾}

denote the sets of BSs, LSats, and UEs, respectively. In addition, let BSn, LSatm and UEk be

the 𝑛−th BS, 𝑚−th LSat, and 𝑘−th UE, respectively. To account for other UEs in the system,

we also assume the presence of terrestrial UEs (TUEs) and satellite UEs (SUEs), served by

BSs and LSats, respectively. Additionally, we employ a window-based model consisting of

𝑁TS time slots (TSs), where the duration of each TS is 𝑇S. During this TW, each automotive

vehicle UE is moving in its predetermined route. Subsequently, based on the satellite orbit

and UE movement, we assume that the time alignment at LSats is perfect. Assume that each

LSat operates in a quasi-�xed-beam mode and LSats point their beam towards the designated

serving area [8]. Additionally, one assumes that BSs and satellite gateways are connected to

a management system, wherein each node can exchange data with the core network and the

center network controller (CNC) can manage the system resource.
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3.2.1 Tx-UE Channel Model

This subsection presents the channel model of BS-UE and LSat-UE links which follows the

coexistence of terrestrial and satellite system scenarios described in 3GPP TR 38863 [9]. In

particular, for simpli�cation, let ℎ𝑛,𝑘,𝑡 and 𝑔𝑚,𝑘,𝑡 be the e�ective channel gain coe�cients of

the BS𝑛 −UE𝑘 and LSat𝑚 −UE𝑘 links at TS 𝑡 which consist of the path-loss and the radiation

beam pattern created by the terminal antennas, respectively. Subsequently, the channel gain

is calculated by the inverse of the corresponding path loss (PL).

Path-loss Model

Based on the multi-path channel model [30, 68], let Tx represent either BS or LSat, the

equivalent PL of Tx𝑥 − UE𝑘 , 𝑥 ∈ {𝑚, 𝑛} link at TS 𝑡 can be modeled as

𝐿Tx−UE𝑥,𝑘,𝑡 = − log10
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wherein 𝑁ray is the number of propagation rays from the Tx to an UE. 𝐿pro,𝑡
𝑥,𝑘,𝑖

, 𝜙𝑡
𝑥,𝑘,𝑖

, and

𝑓
d,𝑡
𝑥,𝑘,𝑖

are the propagation loss, phase delay, and Doppler shift of ray 𝑖 from Tx𝑥 to UE𝑘 at

TS 𝑡. For BS-UE links, we assume the Doppler shift is negligible. For LSat-UE links, due to

the very high altitude compared to the distance between UEs and scatterers on the ground,

one assumes that the Doppler shifts of all rays are identical, i.e., 𝑓 D,𝑡
𝑚,𝑘,𝑖

= 𝑓
D,𝑡
𝑚,𝑘
,∀𝑚, 𝑘, 𝑡 [68].

Additionally, thanks to the satellite orbit and UE position knowledge, one assumes that the

Doppler shift can be compensated at the LEO satellite payload [8,49,98]. Besides, 𝐺r(·) and

𝐺t(·) are the antenna gain patterns of the UE and the Tx. (𝜑a,𝑡
𝑥,𝑘,𝑖

, 𝜃
a,𝑡
𝑥,𝑘,𝑖

) and (𝜑d,𝑡
𝑥,𝑘,𝑖

, 𝜃
d,𝑡
𝑥,𝑘,𝑖

)

are the elevation and azimuth angles of arrive at UE𝑘 and departure at Tx𝑥 corresponding to

ray 𝑖 at TS 𝑡. Especially, ray 𝑖, 𝑖 ≥ 1, is the LoS ray or the ray reaching UE by re�ection

or di�raction on obstacles in the environment. In case existing obstacles, ray 𝑖 = 0 is the

ray propagating through the wall to reach the UE, the channel gain loss of this ray can be

modeled as twice of the wall-loss as [99]

𝐿
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𝐿
FS,𝑡
𝑥,𝑘

is the free-space PL, 𝐿IRRglass and 𝐿concrete are the penetration loss metrics of IRR

glass and concrete materials, respectively. In addition, 𝐿B,𝑡
𝑥,𝑘

is the additional basic loss. For
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Figure 3.2: The gain pattern of UE's antenna.

BS𝑥 − UE𝑘 link, since path-loss and shadow fading is accounted in 𝐿pro,𝑖
𝑥,𝑘,𝑖

[99], 𝐿B,𝑡
𝑥,𝑘

= 1. For

LSat𝑥 − UE𝑘 link, 𝐿B,𝑡
𝑥,𝑘

is computed by atmospheric absorption and attenuation of rain and

clouds [65].

Antenna Model

In this work, we assume that the vehicle UE is equipped with a low-cost patch antenna on the

rooftop with no beamforming capabilities, i.e. pointing to the Zenith (as shown in Fig. 3.2).

Additionally, its radiation pattern can be modeled by employing a cosine pattern as

𝐺veh(𝑎𝑧, 𝑒𝑙) = cos2𝑚̄(𝑎𝑧) cos2𝑛(𝑒𝑙), (3.3)

where 𝑚̄ and 𝑛 are the order of the. az and el are the azimuth and elevation angles in the

Ox′y′z′ coordinate system in which its Oy′z′ plane is mounted on the vehicle's rooftop. Besides,

azimuth and elevation angles 𝜑 and 𝜃 in 𝐺r(𝜑, 𝜃) in (3.1) are measured in the Oxyz coordinate

system where its Oxy plane mounted on the vehicle's rooftop. Hence, it is noted that angles

az and el can be computed from angles 𝜑 and 𝜃 by the coordinate rotation operation. For

instance, the directivity gain pattern of the patch antenna in the Oxyz and Ox′y′z′ coordinate

systems is illustrated in Fig. 3.2. Regarding the LSat's antenna, its antenna gain pattern is

modeled as [8].

𝐺Sat(𝜃) =


𝐺max

Sat , 𝜃 = 0,

𝐺max
Sat 4

��� 𝐽1(𝑘𝑎 sin 𝜃)𝑘𝑎 sin 𝜃

���2 , 𝜃 ̸= 0,

(3.4)

wherein 𝐺max
S is the maximum LSat antenna gain, 𝐽1(·) is the Bessel function of the �rst kind

and �rst order, 𝑘 = 2𝜋 𝑓𝑐/𝑐. In addition, 𝑎, 𝑓𝑐 and 𝑐 are the antenna aperture radius, operation

frequency, and light speed, respectively. Regarding the BS, for simplicity, we employ the non-

active antenna system pattern for the BS which is used in the coexistence scenarios examined
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in 3GPP TR 38.863 [9]. Particularly, the beam pattern created by BS's antennas is modeled

as

𝐺BS(𝜃, 𝜑) = −min{−(𝐴E,V(𝜃) + 𝐴E,H(𝜑)), 𝐴m} + 𝐺max
BS , (3.5)

where 𝐴E,V(𝜃) and 𝐴E,H(𝜑) are the vertical and horizontal gain patterns which are expressed

in [9], 𝐺max
BS is the maximum gain the the BS's antenna. Besides, a downtill angle of 10◦ is

applied to the BS antenna in urban areas [9].

3.2.2 BS/LSat-UE Association Model

To indicate the BS-UA, we �rst introduce binary variable 𝜶 ≜ [𝛼𝑛,𝑘,𝑡 ]∀(𝑛,𝑘,𝑡) as

𝛼𝑛,𝑘,𝑡 =


1, if UE𝑘 connects to BS𝑛 at TS 𝑡,

0, otherwise.

(3.6)

In addition, one assumes that each UE can connect to at most one BS at each TS, which is

ensured as

(𝐶1) :
∑︁
∀𝑛
𝛼𝑛,𝑘,𝑡 ≤ 1, ∀(𝑘, 𝑡). (3.7)

Regarding the available BS-UA at each TS, assuming that BS𝑛 can serve at most 𝜓B
𝑛 UEs at

each TS. Then, the connection limitation at each BS can be cast by

(𝐶2) :
∑︁
∀𝑘
𝛼𝑛,𝑘,𝑡 ≤ 𝜓B

𝑛 − 𝜂B𝑛,𝑡 , ∀(𝑛, 𝑡), (3.8)

wherein 𝜂B𝑛,𝑡 is the number of TUEs1 served by BS𝑛 at TS 𝑡. Regarding the LSat-UA, one

can see that UEs can connect to the LSat if it is in the �eld of view (FoV) of UEs. Let

Θ𝑡 = {∀(𝑚, 𝑘)|𝜃𝑚,𝑘,𝑡 ≥ 𝜃} be the set of LSat-UE pairs satisfying the FoV criteria above at TS

𝑡, wherein 𝜃𝑚,𝑘,𝑡 is the elevation angle at UE𝑘 toward LSat𝑚 at TS 𝑡 and 𝜃 is the minimum

elevation angle requirement. Next, we introduce the LSat-UA variable 𝜷 ≜ [𝛽𝑚,𝑘,𝑡 ]∀(𝑚,𝑘,𝑡)

corresponding to TS 𝑡 as

𝛽𝑚,𝑘,𝑡 =


1, if (𝑚, 𝑘) ∈ Θ𝑡 and UE𝑘 connects to LSat𝑚,

0, otherwise.

(3.9)

1The presence of TUEs is used to emulate the congestion caused by other UEs at BSs.
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Assuming that each UE can connect to at most one LSat at each TS while each LSat𝑚 can

serve at most 𝜓S
𝑚 UEs at each TS. These yield the following constraints

(𝐶3) :
∑︁
∀𝑚
𝛽𝑚,𝑘,𝑡 ≤ 1, ∀(𝑘, 𝑡), (3.10)

(𝐶4) :
∑︁
∀𝑘
𝛽𝑚,𝑘,𝑡 ≤ 𝜓S

𝑚 − 𝜂S𝑚,𝑡 , ∀(𝑚, 𝑡), (3.11)

where 𝜂S𝑚,𝑡 is the number of SUEs
2 served by LSat𝑚 at TS 𝑡.

Regarding UE experience, to ensure the quality of experience (QoE) in terms of seamless

connectivity and to guarantee that all UEs will be served, we assume that each UE has at

least one connection at each TS, which yields the following constraint.

(𝐶5) :
∑︁
∀𝑛
𝛼𝑛,𝑘,𝑡 +

∑︁
∀𝑚
𝛽𝑚,𝑘,𝑡 ≥ 1, ∀(𝑘, 𝑡). (3.12)

Additionally, due to system dynamics, UEs must adapt their association with BSs and

LSats to enhance throughput performance. Particularly, UEs may carry out the HO, establish

an additional connection, or remove the existing connection. Based on the UA decision, the

connection state transition procedure can be executed accordingly to the system standard

[100]. Thanks to the UA, the number of connection state changes (CCs) is quanti�ed by

evaluating the di�erence in UA decisions between consecutive TSs as follows

𝑓 CC(𝜶, 𝜷) =
∑︁
∀𝑡>1

( ∑︁
∀(𝑛,𝑘)

|𝛼𝑛,𝑘,𝑡 − 𝛼𝑛,𝑘,𝑡−1 |+
∑︁

∀(𝑚,𝑘)
|𝛽𝑚,𝑘,𝑡 − 𝛽𝑚,𝑘,𝑡−1 |

)
. (3.13)

3.2.3 Transmission Model

This subsection describes the transmission from BSs and LSats to UEs. Since TNs and NTNs

operate in the same RFB, the transmission involves intra-system interference (IaSI) and inter-

system interference (ISyI). Depending on the standard in each system, based on the employed

resource allocation and multiple access technique, we assume that BSs are coordinated to

mitigate the TN IaSI such as in [77,95,96] and LSats are coordinated for that in NTNs such

as in [101, 102]. However, due to the long distance between LSats and ground segments,

TNs and NTNs are not coordinated to mitigate ISyI. Hence, for simpli�cation, we assume

that IaSI is negligible and only ISyI between TNs and NTNs is considered. Consequently, if

UE𝑘 connects to BS𝑛, the corresponding signal-to-interference-plus-noise-ratio (SINR) can be

2The presence of SUEs is used to emulate the congestion caused by other UEs at LSats.
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expressed as

𝛾B𝑛,𝑘,𝑡(𝜶, 𝜷, 𝑷
B, 𝑷S) =

𝛼𝑛,𝑘,𝑡𝑃
B
𝑛,𝑘,𝑡

ℎ𝑛,𝑘,𝑡

Ξ𝑘,𝑡(𝜷, 𝑷
S) + 𝜎2

𝑘

, (3.14)

where 𝜎2
𝑘
is the additive white Gaussian noise power and Ξ𝑘,𝑡(𝜷, 𝑷

S) =
∑

∀𝑚(
∑

∀𝑘′ 𝛽𝑚,𝑘′ ,𝑡𝑃
S
𝑚,𝑘′ ,𝑡+

𝜂S𝑚,𝑡𝑃
S
𝑚,𝑡)𝑔𝑚,𝑘,𝑡 is ISyI caused by LSats at UE𝑘 . Speci�cally, the �rst summation and the sec-

ond term in the brackets are the total transmit power of LSat𝑚 to 𝐾 UEs and its own 𝜂S𝑚,𝑡

SUEs, respectively. Particularly, 𝑷B ≜ [𝑃B
𝑛,𝑘,𝑡

]∀(𝑛,𝑘,𝑡), 𝑷
S ≜ [𝑃S

𝑚,𝑘,𝑡
]∀(𝑚,𝑘,𝑡), 𝑃

B
𝑛,𝑘,𝑡

and 𝑃S
𝑚,𝑘,𝑡

are the transmit powers of BS𝑛 and LSat𝑚 to UE𝑘 at TS 𝑡, respectively. Additionally, 𝑃
S
𝑚,𝑡 is

the transmit power of LSat𝑚 to each of its 𝜂S𝑚,𝑡 SUEs which is uniformly allocated as

𝑃S
𝑚,𝑡 = 𝑃S,max

𝑚 /min{𝜓S
𝑚, 𝜂

S
𝑚,𝑡 + 𝐾},∀(𝑚, 𝑡), (3.15)

wherein 𝑃S,max
𝑚 is the maximum power budget of LSat𝑚 and min{𝜓S

𝑚, 𝜂
S
𝑚,𝑡 + 𝐾} indicates the

maximum number of UEs which can connect to LSat𝑚 at TS 𝑡. Subsequently, the throughput

from BS𝑛 to UE𝑘 at TS 𝑡 can be computed as

𝑅B
𝑛,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S) = log
(
1 + 𝛾B𝑛,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S)
)
. (3.16)

Regarding the LSat-UE connection, if UE𝑘 connects to LSat𝑚, the corresponding SINR

can be expressed as

𝛾S𝑚,𝑘,𝑡(𝜶, 𝜷, 𝑷
B, 𝑷S) =

𝛽𝑚,𝑘,𝑡𝑃
S
𝑚,𝑘,𝑡

𝑔𝑚,𝑘,𝑡

Φ𝑘,𝑡(𝜶, 𝑷
B) + 𝜎2

𝑘

, (3.17)

where Φ𝑘,𝑡(𝜶, 𝑷
B) =

∑
∀𝑛

(∑
∀𝑘′ 𝛼𝑛,𝑘′ ,𝑡𝑃

B
𝑛,𝑘′ ,𝑡 + 𝜂B𝑛,𝑡𝑃

B
𝑛,𝑡

)
ℎ𝑛,𝑘,𝑡 is the ISyI caused by BSs, the

�rst summation and the second term inside brackets are the total transmit power of BS𝑛 to

𝐾 UEs and its own 𝜂B𝑛,𝑡 TUEs, respectively. Particularly, 𝑃
B
𝑛,𝑡 is the transmit power from BS𝑛

to each of its 𝜂B𝑛,𝑡 TUEs which is uniformly allocated as

𝑃B
𝑛,𝑡 = 𝑃B,max

𝑛 /min{𝜓B
𝑛 , 𝜂

B
𝑛,𝑡 + 𝐾},∀(𝑛, 𝑡), (3.18)

𝑃
B,max
𝑛 is the maximum power budget of BS𝑛 and min{𝜓B

𝑛 , 𝜂
B
𝑛,𝑡 + 𝐾} is the maximum number

of UEs which can connect to BS𝑛 at TS 𝑡. Subsequently, the transmission throughput from
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LSat𝑚 to UE𝑘 can be formulated as

𝑅S
𝑚,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S) = log
(
1 + 𝛾S𝑚,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S)
)
. (3.19)

Hence, the aggregated transmission throughput of UE𝑘 at TS 𝑡 can be expressed as

𝑅𝑘,𝑡(𝜶, 𝜷, 𝑷
B, 𝑷S) =

∑︁
𝑛

𝑅B
𝑛,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S) +
∑︁
𝑚

𝑅S
𝑚,𝑘,𝑡(𝜶, 𝜷, 𝑷

B, 𝑷S). (3.20)

Regarding the QoS of UEs, the rate threshold constraint should be considered. However,

ensuring this constraint at each TS may be infeasible since the transmission links can be

blocked by buildings in urban environments at certain TSs. Hence, one can guarantee the

QoS of UEs by considering the minimum average rate constraint at consecutive periods as

(𝐶6) :
1

𝑁
QoS
TS

∑︁
∀𝑡∈T𝑞

𝑅𝑘,𝑡(𝜶, 𝜷, 𝑷
B, 𝑷S) ≥ 𝑅𝑘 ,∀𝑘, 𝑞 > 0,

wherein T𝑞 = {(𝑞 − 1)𝑁QoS
TS

+1, . . . , 𝑞𝑁QoS
TS

} is the set of TSs in period 𝑞, each period consists

of 𝑁QoS
TS

TSs, and 𝑅𝑘 is the average rate threshold of UE𝑘 at each period.

3.2.4 Problem Formulation

In this subsection, we formulate a multi-objective optimization problem aiming to maximize

the average system SR and minimize the average number of CCs per TS, wherein the UA and

PA are jointly optimized.

Assuming that the deployment of BSs and LSats is su�ciently dense, UEs may have mul-

tiple connection options at each TS. However, due to the limitation of radio resources, BSs

and LSats can overload at certain times depending on the number of connected devices. In

addition, the system is highly dynamic due to UE mobility, LSat movement, and the com-

plexity of urban environments, leading to frequent variations in link availability and quality

over time.

Therefore, to ensure connectivity under such dynamics, UEs must appropriately adapt

their associations with BSs and LSats through HO, establishing new connections, or releasing

existing ones. Concurrently, due to the limitation of BS/LSat's transmit power and the impact

of cross-system interference, an appropriate PA is essential.

Besides, each connection state transition incurs signaling overhead between UEs and the
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Figure 3.3: Flowchart of the full-time-window algorithm

corresponding BS/LSat. Furthermore, unnecessary state transitions may arise, which are

undesirable and should be minimized. Therefore, in addition to enhancing throughput and

enabling seamless HO, the optimization goal must also aim to minimize the number of CCs.

Particularly, the optimization is mathematically formulated as

(P0) : max
𝜶,𝜷,𝑷B,𝑷S

𝜌

𝑁TS

∑︁
𝑘,𝑡

𝑅𝑘,𝑡(𝜶, 𝜷, 𝑷
B, 𝑷S) − 1 − 𝜌

𝑁TS
𝑓 CC(𝜶, 𝜷)

s.t. constraints (𝐶1) − (𝐶6),

(𝐶0) : 𝛼𝑛,𝑘,𝑡 , 𝛽𝑚,𝑘,𝑡 ∈ {0, 1},∀(𝑚, 𝑛, 𝑘, 𝑡),

(𝐶7) : 𝜂B𝑛,𝑡𝑃
B
𝑛,𝑡 +

∑︁
∀𝑘
𝛼𝑛,𝑘,𝑡𝑃

B
𝑛,𝑘,𝑡 ≤ 𝑃

B,max
𝑛 ,∀(𝑛, 𝑡),

(𝐶8) : 𝜂S𝑚,𝑡𝑃
S
𝑚,𝑡 +

∑︁
∀𝑘
𝛽𝑚,𝑘,𝑡𝑃

S
𝑚,𝑘,𝑡 ≤ 𝑃

S,max
𝑚 ,∀(𝑚, 𝑡),

wherein 𝜌 ∈ (0, 1) is the multi-objective factor, a higher 𝜌 leads to higher priority of SR

maximization. In addition, constraints (𝐶7) and (𝐶8) ensure that the transmit power does

not exceed the BS and LSat power budgets, respectively. The outcome of solving this problem

can provide solutions for UA and PA over time, helping to improve system performance.

However, due to the non-convexity of the rate functions, and the coupling between binary and

continuous variables, this problem belongs to mixed-integer non-linear programming which is

di�cult to solve directly.

3.3 Proposed Solutions

This section proposed two algorithms for the full time window and for the prediction time

window. The developing procedure of the �rst algorithm is summarized in Fig. 3.3.

3.3.1 Problem Transformation

Analyzing the (P0) structure and its optimization variables, we obtain the following relation-

ships, each TS 𝑡
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� If UE𝑘 connects to BS𝑛, 𝑃
B
𝑛,𝑘,𝑡

> 0, and 𝑃B
𝑛,𝑘,𝑡

= 0 if UE𝑘 does not connect to BS𝑛.

� If UE𝑘 connects to LSat𝑚, 𝑃
S
𝑚,𝑘,𝑡

> 0, and 𝑃S
𝑚,𝑘,𝑡

= 0 if UE𝑘 is not served by LSat𝑚.

Based on these relations, the binary variable can be represented by the ℓ0−norm components

of continuous ones as

𝛼𝑛,𝑘,𝑡 = ∥𝑃B
𝑛,𝑘,𝑡 ∥0,∀(𝑛, 𝑘, 𝑡), (3.20a)

𝛽𝑚,𝑘,𝑡 = ∥𝑃S
𝑚,𝑘,𝑡 ∥0,∀(𝑚, 𝑘, 𝑡). (3.20b)

One notes that representations in (3.21) are valid for ∀𝑃B
𝑛,𝑘,𝑡

≥ 0 and ∀𝑃S
𝑚,𝑘,𝑡

≥ 0. Additionally,

due to the FoV criteria for LSat-UA in (3.9), the LSat's power control elements are set as

𝑃S
𝑚,𝑘,𝑡

= 0, ∀(𝑚, 𝑘) /∈ Θ𝑡 . By employing the relations in (3.21), the binary terms in rate and

SINR functions can be omitted. Subsequently, problem P0 can be rewritten as

(P1) : max
𝑷B,𝑷S,𝝀B,𝝀S

𝜌

𝑁TS
𝜆 − 1 − 𝜌

𝑁TS
𝑓 CC(𝑷B, 𝑷S)

s.t. (𝐶1) :
∑︁
∀𝑛

∥𝑃B
𝑛,𝑘,𝑡 ∥0≤ 1,∀(𝑘, 𝑡),

(𝐶2) :
∑︁
∀𝑘

∥𝑃B
𝑛,𝑘,𝑡 ∥0≤ 𝜓

B
𝑛 − 𝜂B𝑛,𝑡 ,∀(𝑛, 𝑡),

(𝐶3) :
∑︁
∀𝑚

∥𝑃S
𝑚,𝑘,𝑡 ∥0≤ 1,∀(𝑘, 𝑡),

(𝐶4) :
∑︁
∀𝑘

∥𝑃S
𝑚,𝑘,𝑡 ∥0≤ 𝜓

S
𝑚 − 𝜂S𝑚,𝑡 ,∀(𝑚, 𝑡),

(𝐶5) :
∑︁
∀𝑛

∥𝑃B
𝑛,𝑘,𝑡 ∥0+

∑︁
∀𝑚

∥𝑃S
𝑚,𝑘,𝑡 ∥0≥ 1,∀(𝑘, 𝑡),

(𝐶6) :
1

𝑁
QoS
TS

∑︁
∀𝑡∈T𝑞

(
∑︁
∀𝑛
𝜆B𝑛,𝑘,𝑡 +

∑︁
∀𝑚
𝜆S𝑚,𝑘,𝑡) ≥ 𝑅𝑘 ,∀(𝑘, 𝑞),

(𝐶7) : 𝜂B𝑛,𝑡𝑃
B
𝑛,𝑡 +

∑︁
∀𝑘
𝑃B
𝑛,𝑘,𝑡 ≤ 𝑃

B,max
𝑛 ,∀(𝑛, 𝑡),

(𝐶8) : 𝜂S𝑚,𝑡𝑃
S
𝑚,𝑡 +

∑︁
∀𝑘
𝑃S
𝑚,𝑘,𝑡 ≤ 𝑃

S,max
𝑚 ,∀(𝑚, 𝑡),

(𝐶9) : 𝜆B𝑛,𝑘,𝑡 ≤ 𝑅
B
𝑛,𝑘,𝑡(𝑷

B, 𝑷S), ∀(𝑛, 𝑘, 𝑡),

(𝐶10) : 𝜆S𝑚,𝑘,𝑡 ≤ 𝑅
S
𝑚,𝑘,𝑡(𝑷

B, 𝑷S), ∀(𝑚, 𝑘, 𝑡),

where 𝑓 CC(𝑷B, 𝑷S) is rewritten from 𝑓 CC(𝜶, 𝜷) as

𝑓 CC(𝑷B, 𝑷S) =
∑︁
∀𝑡>1

( ∑︁
∀(𝑛,𝑘)

���∥𝑃B
𝑛,𝑘,𝑡 ∥0−∥𝑃

B
𝑛,𝑘,𝑡−1∥0

��� + ∑︁
∀(𝑚,𝑘)

���∥𝑃S
𝑚,𝑘,𝑡 ∥0−∥𝑃

S
𝑚,𝑘,𝑡−1∥0

���) .(3.21)
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In addition, 𝜆 =
∑
𝑛,𝑘,𝑡 𝜆

B
𝑛,𝑘,𝑡

+
∑

∀𝑚,𝑘,𝑡 𝜆
S
𝑚,𝑘,𝑡

, and 𝝀B ≜ [𝜆B
𝑛,𝑘,𝑡

]∀(𝑛,𝑘,𝑡) and 𝝀S ≜ [𝜆S
𝑚,𝑘,𝑡

]∀(𝑚,𝑘,𝑡)

are the slack variables which are considered the lower bounds of the rate functions as in

constraints (𝐶9) and (𝐶10), respectively. It can be seen that problem (P1) is still di�cult

to solve due to the nonconvex rate constraint (𝐶9) − (𝐶10) and the sparse ℓ0−norm terms.

The sparsity in ℓ0−norm terms and the non-convexity in rate constraints will be addressed by

appropriate approaches in the following sub-sections.

3.3.2 Proposed Iterative Solution

Approximate ℓ0-norm components

To address the sparsity in problem (P1), the ℓ0-norm components can be approximated by a

concave function as

∥𝑃B
𝑛,𝑘,𝑡 ∥0≈ 𝑓apx(𝑃

B
𝑛,𝑘,𝑡), ∀(𝑛, 𝑘, 𝑡), (3.21a)

∥𝑃S
𝑚,𝑘,𝑡 ∥0≈ 𝑓apx(𝑃

S
𝑚,𝑘,𝑡), ∀(𝑚, 𝑘, 𝑡), (3.21b)

in which 𝑓apx(𝑥) ≜ 1− 𝑒−𝜁 𝑥 , 𝑥 ≥ 0 is the approximate concave function, 𝜁 is a positive number

used to control the smoothness of the approximated function [77]. Thanks to (3.22), (𝐶5) can

be transformed into the convex constraint as

(𝐶5) :
∑︁
∀𝑛
𝑓apx(𝑃

B
𝑛,𝑘,𝑡) +

∑︁
∀𝑚

𝑓apx(𝑃
S
𝑚,𝑘,𝑡) ≥ 1, ∀(𝑘, 𝑡).

Proposition 5. Constraints (𝐶1)− (𝐶4) can be approximated respectively at iteration (𝑖+1)

as

(𝐶1) :
∑︁
∀𝑛
𝑓
(𝑖)
apx(𝑃

B
𝑛,𝑘,𝑡) ≤ 1,∀(𝑘, 𝑡),

(𝐶2) :
∑︁
∀𝑘
𝑓
(𝑖)
apx(𝑃

B
𝑛,𝑘,𝑡) ≤ 𝜓

B
𝑛 − 𝜂B𝑛,𝑡 ,∀(𝑛, 𝑡),

(𝐶3) :
∑︁
∀𝑚

𝑓
(𝑖)
apx(𝑃

S
𝑚,𝑘,𝑡) ≤ 1,∀(𝑘, 𝑡),

(𝐶4) :
∑︁
∀𝑘
𝑓
(𝑖)
apx(𝑃

S
𝑚,𝑘,𝑡) ≤ 𝜓

S
𝑚 − 𝜂S𝑚,𝑡 ,∀(𝑚, 𝑡),

wherein 𝑓
(𝑖)
apx(𝑥) ≜ 𝜁 exp(−𝜁𝑥(𝑖))(𝑥 − 𝑥(𝑖)) − exp(−𝜁𝑥(𝑖)) + 1 and 𝑥(𝑖) is the feasible point at

iteration 𝑖.
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Proof: Thanks to (3.22), the ℓ0-norm components in constraints (𝐶1) − (𝐶4) can be

approximated by 𝑓apx(·). However, the approximated constraints are nonconvex due to the

concavity of 𝑓apx(·). Subsequently, by utilizing the �rst-order approximation, an upper bound

of 𝑓apx(𝑥) around 𝑥
(𝑖) is obtained as

𝑓apx(𝑥) ≤ ∇ 𝑓apx(𝑥)|𝑥=𝑥(𝑖)(𝑥 − 𝑥(𝑖)) + 𝑓apx(𝑥
(𝑖)) := 𝑓

(𝑖)
apx(𝑥). (3.22)

By employing (3.22), constraints (𝐶1) − (𝐶4) are convexi�ed as (𝐶1) − (𝐶4), respectively.

Proposition 6. An upper bound of the CC-number function can be expressed as

𝑓 CC(𝑷B, 𝑷S) ≤
∑︁
∀𝑡>1

( ∑︁
∀(𝑛,𝑘)

(𝑎up
𝑛,𝑘,𝑡

− 𝑎low𝑛,𝑘,𝑡) +
∑︁

∀(𝑚,𝑘)
(𝑏up
𝑚,𝑘,𝑡

− 𝑏low𝑚,𝑘,𝑡)
)
:= 𝑓 CC,(𝑖)(𝒂, 𝒃),(3.23)

where 𝒂 = [𝑎low
𝑛,𝑘,𝑡

, 𝑎
up
𝑛,𝑘,𝑡

]∀(𝑛,𝑘,𝑡) and 𝒃 = [𝑏low
𝑚,𝑘,𝑡

, 𝑏
up
𝑚,𝑘,𝑡

]∀(𝑚,𝑘,𝑡) are the new slack variables

satisfying constraints ∀(𝑚, 𝑛, 𝑘, 𝑡):

(𝐶11.1) : 𝑎low𝑛,𝑘,𝑡 ≤ 𝑓apx(𝑃
B
𝑛,𝑘,𝑡), 𝑎

low
𝑛,𝑘,𝑡 ≤ 𝑓apx(𝑃

B
𝑛,𝑘,𝑡−1),

(𝐶11.2) : 𝑎up
𝑛,𝑘,𝑡

≥ 𝑓
(𝑖)
apx(𝑃

B
𝑛,𝑘,𝑡), 𝑎

up
𝑛,𝑘,𝑡

≥ 𝑓
(𝑖)
apx(𝑃

B
𝑛,𝑘,𝑡−1),

(𝐶12.1) : 𝑏low𝑚,𝑘,𝑡 ≤ 𝑓apx(𝑃
S
𝑚,𝑘,𝑡), 𝑏

low
𝑚,𝑘,𝑡 ≤ 𝑓apx(𝑃

S
𝑚,𝑘,𝑡−1),

(𝐶12.2) : 𝑏up
𝑚,𝑘,𝑡

≥ 𝑓
(𝑖)
apx(𝑃

S
𝑚,𝑘,𝑡), 𝑏

up
𝑚,𝑘,𝑡

≥ 𝑓
(𝑖)
apx(𝑃

S
𝑚,𝑘,𝑡−1).

Proof: Consider function 𝑓abs(𝑥, 𝑦) = |∥𝑥∥0−∥𝑦∥0 |, 𝑥, 𝑦 ≥ 0 which has the form

of components in the CC-number function. 𝑓abs(𝑥, 𝑦) can be represented as 𝑓abs(𝑥, 𝑦) =

max{∥𝑥∥0, ∥𝑦∥0} −min{∥𝑥∥0, ∥𝑦∥0}. Let introduce slack variables 𝑢low and 𝑢up satisfying

𝑢low ≤ ∥𝑥∥0, 𝑢low ≤ ∥𝑦∥0, (3.23a)

𝑢up ≥ ∥𝑥∥0, 𝑢up ≥ ∥𝑦∥0, (3.23b)

an upper bound of function 𝑓abs(𝑥, 𝑦) can be obtained as

𝑓abs(𝑥, 𝑦) ≤ 𝑢up − 𝑢low. (3.24)

Additionally, thanks to the approximations in (3.22) and (3.22), constraint (3.24) is approxi-
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mated as

𝑢low ≤ 𝑓apx(𝑥), 𝑢
low ≤ 𝑓apx(𝑦), (3.24a)

𝑢up ≥ 𝑓
(𝑖)
apx(𝑥), 𝑢

up ≥ 𝑓
(𝑖)
apx(𝑦). (3.24b)

Constraint (3.25) is convex since 𝑓apx(·) is concave and 𝑓
(𝑖)
apx(·) is a�ne. Subsequently, substi-

tuting this approximation for each absolute term in the CC-number function 𝑓 CC(𝑷B, 𝑷S) set-

ting 𝑥 = 𝑃B
𝑛,𝑘,𝑡

, 𝑦 = 𝑃B
𝑛,𝑘,𝑡−1, 𝑢

low = 𝑎low
𝑛,𝑘,𝑡

, and 𝑢up = 𝑎
up
𝑛,𝑘,𝑡

for the term |∥𝑃B
𝑛,𝑘,𝑡

∥0−∥𝑃B
𝑛,𝑘,𝑡−1∥0 |,

and 𝑥 = 𝑃S
𝑚,𝑘,𝑡

, 𝑦 = 𝑃S
𝑚,𝑘,𝑡−1, 𝑢

low = 𝑏low
𝑚,𝑘,𝑡

, and 𝑢up = 𝑏
up
𝑚,𝑘,𝑡

for term |∥𝑃S
𝑚,𝑘,𝑡

∥0−∥𝑃S
𝑚,𝑘,𝑡−1∥0 |,

we obtain the upper bound 𝑓 CC,(i)(𝒂, 𝒃) of the CC-number function 𝑓 CC(𝑷B, 𝑷S) as in (3.23)

and convex constraints (𝐶11), (𝐶12).

Convexify rate constraints

Rate constraints (𝐶9) and (𝐶10) can be convexi�ed by the following proposition.

Proposition 7. Constraints (𝐶9), (𝐶10) can be convexi�ed as

(𝐶9.1) : ln(𝑃B
𝑛,𝑘,𝑡ℎ𝑛,𝑘,𝑡 + Ξ𝑘,𝑡(𝑷

S) + 𝜎2
𝑘 ) ≥ 𝜆

B
𝑛,𝑘,𝑡 + 𝜇B𝑘,𝑡 , ∀(𝑛, 𝑘, 𝑡),

(𝐶9.2) : Ξ𝑘,𝑡(𝑷
S) + 𝜎2

𝑘 ≤ exp(𝜇
B,(𝑖)
𝑘,𝑡

)(𝜇B𝑘,𝑡 − 𝜇
B,(𝑖)
𝑘,𝑡

+ 1), ∀(𝑘, 𝑡),

(𝐶10.1) : ln(𝑃S
𝑚,𝑘,𝑡𝑔𝑚,𝑘,𝑡 +Φ𝑘,𝑡(𝑷

B) + 𝜎2
𝑘 ) ≥ 𝜆

S
𝑚,𝑘,𝑡 + 𝜇S𝑘,𝑡 ,∀(𝑚, 𝑘, 𝑡),

(𝐶10.2) : Φ𝑘,𝑡(𝑷
B) + 𝜎2

𝑘 ≤ exp(𝜇
S,(𝑖)
𝑘,𝑡

)(𝜇S𝑘,𝑡 − 𝜇
S,(𝑖)
𝑘,𝑡

+ 1), ∀(𝑘, 𝑡),

Proof: Let consider function 𝑓rate(𝑥, 𝑦) = ln(1 + 𝑥
𝑦+𝑐 ), 𝑥, 𝑦 ≥ 0, 𝑐 > 0, and constraint

𝑓rate(𝑥, 𝑦) ≥ 𝑧. By expressing 𝑓rate(𝑥, 𝑦) = ln(𝑥 + 𝑦 + 𝑐) − ln(𝑦 + 𝑐), constraint 𝑓rate(𝑥, 𝑦) ≥ 𝑧

can be decomposed as {
ln(𝑥 + 𝑦 + 𝑐) ≥ 𝑧 + 𝑢, (3.25a)

ln(𝑦 + 𝑐) ≤ 𝑢, (3.25b)

wherein 𝑧 is a slack variable. By taking the exponent operator on both sides of (3.25b), it is

transformed into

𝑦 + 𝑐 ≤ exp(𝑢). (3.26)

It can be seen that (3.26) is still non-convex. To convexify (3.26), we employ the �rst-order
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approximation to the exponential term and obtain the following convex constraint{
ln(𝑥 + 𝑦 + 𝑐) ≥ 𝑧 + 𝑢, (3.27a)

𝑦 + 𝑐 ≤ exp(𝑢(𝑖))(𝑢 − 𝑢(𝑖) + 1), (3.27b)

wherein 𝑢(𝑖) is the feasible point of 𝑢 at iteration 𝑖.

By setting 𝑥 = 𝑃B
𝑛,𝑘,𝑡

ℎ𝑛,𝑘,𝑡 , 𝑦 =
∑

∀𝑚
∑

∀𝑘′ 𝑃
S
𝑚,𝑘′ ,𝑡𝑔𝑚,𝑘,𝑡 , 𝑐 =

∑
∀𝑚 𝜂

S
𝑚,𝑡𝑃

S
𝑚,𝑡𝑔𝑚,𝑘,𝑡 + 𝜎2

𝑘
,

𝑧 = 𝜆B
𝑛,𝑘,𝑡

, and 𝑢 = 𝜇B
𝑘,𝑡
, we obtained the convex approximated form of constraint (𝐶8) as con-

straints (𝐶8.1) − (𝐶8.2). Subsequently, by setting 𝑥 = 𝑃S
𝑚,𝑘,𝑡

𝑔𝑚,𝑘,𝑡 , 𝑦 =
∑

∀𝑛
∑

∀𝑘′ 𝑃
B
𝑛,𝑘′ ,𝑡ℎ𝑛,𝑘,𝑡 ,

𝑐 =
∑

∀𝑛 𝜂
B
𝑛,𝑡𝑃

B
𝑛,𝑡ℎ𝑛,𝑘,𝑡 + 𝜎2

𝑘
, 𝑧 = 𝜆S

𝑚,𝑘,𝑡
, and 𝑢 = 𝜇S

𝑘,𝑡
, the convex approximated form of

constraint (𝐶9) is derived as (𝐶9.1) − (𝐶9.2).

Thanks to Propositions 5, 6, and 7, problem (P1) can be transformed into a successive

convex problem at iteration 𝑖 as

(P2) : max
𝑷B,𝑷S,𝝀B,𝝀S,
𝝁B,𝝁S,𝒂,𝒃

𝜌

𝑁TS
𝜆 − 1 − 𝜌

𝑁TS
𝑓 CC,(𝑖)(𝒂, 𝒃)

s.t. (𝐶1) − (𝐶12),

with 𝝁B = [𝜇B
𝑛,𝑘,𝑡

]∀(𝑛,𝑘,𝑡) and 𝝁S = [𝜇S
𝑚,𝑘,𝑡

]∀(𝑚,𝑘,𝑡). By iteratively solving problem (P2), we

obtain the PA solution for problem (P0). In addition, the UA solution can be retrieved as [77]

𝛼𝑛,𝑘,𝑡 =


1, if 𝑃B

𝑛,𝑘,𝑡
≥ 𝜖,

0, otherwise ,

, 𝛽𝑚,𝑘,𝑡 =


1, if 𝑃S

𝑚,𝑘,𝑡
≥ 𝜖,

0, otherwise ,

(3.28)

wherein 𝜖 is a small positive number. The proposed iterative algorithm for full time-window-

based (FTW), so called FTW algorithm, is summarized in Algorithm 4. The convergence of

this algorithm is discussed in the following proposition.

Proposition 8. Algorithm 4 converges to a local optimal solution of problem (P0).

Proof: First, one needs to prove the convergence of Algorithm 4. Let Ω ≜ (𝑷B, 𝑷S, 𝝀B, 𝝀S, 𝝁B, 𝝁S, 𝒂, 𝒃)

be the variable tuple, and Ω(𝑖), Ω★(𝑖), and F (𝑖) be the feasible point, optimal solution, and

feasible set of (P2) at iteration 𝑖. In addition, let 𝐹(𝑖)(Ω) denote the objective value of (P2)

with solution Ω at iteration 𝑖 and feasible point Ω(𝑖). Since (P2) is derived by employing

the SCA technique, it satis�es the properties of SCA-based problem [103]. In particular, we

have Ω★(𝑖) ∈ F (𝑖) ∩ F (𝑖+1). This leads to 𝐹(𝑖+1)(Ω★(𝑖+1)) ≥ 𝐹(𝑖)(Ω★(𝑖)). Hence, the objective
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Algorithm 4 FTW Algorithm for Solving Problem (P0)

1: Set 𝑖 = 0 and generate an initial point (𝑷B,(0), 𝑷S,(0), 𝝁B,(0), 𝝁S,(0)) by solving problem (3.29).
2: repeat
3: Solve problem (P2) to obtain (𝑷B,★, 𝑷S,★, 𝝁B,★, 𝝁S,★).
4: Update (𝑷B,(𝑖), 𝑷S,(𝑖), 𝝁B,(𝑖), 𝝁S,(𝑖)) := (𝑷B,★, 𝑷S,★, 𝝁B,★, 𝝁S,★).
5: Set 𝑖 = 𝑖 + 1.
6: until Convergence
7: Recovery UA solutions 𝜶 and 𝜷 by (3.28).
8: Output: The solution for problem (P0) (𝜶

★, 𝜷★, 𝑷B,★, 𝑷S,★).

value sequence is non-decreasing. Additionally, the transmit power is bounded by constraints

(𝐶7)− (𝐶8), which prove the convergence of Algorithm 4. Subsequently, with (𝜶, 𝜷) recovered

from (𝑷B, 𝑷S) by (3.28), one can see that the feasible set of (P2) is subset of that of (P0).

Therefore, Algorithm 4 converges to a local solution of (P0).

To solve (P2), one requires an initial point (𝑷B,(0), 𝑷S,(0), 𝝁B,(0), 𝝁S,(0)) satisfying (𝐶1) −

(𝐶12). To obtain an initial point, we can relax and penalize constraints (𝐶5), (𝐶6) [104], and

solve the following problem

min
𝑷B,𝑷S,𝝀B,𝝀S,
𝝁B,𝝁S,𝝉,𝝌

∑︁
𝜏𝑘,𝑡 +

∑︁
𝜒𝑘,𝑞 (3.28a)

s.t. (𝐶1) − (𝐶4), (𝐶7) − (𝐶10),∑︁
∀𝑛
𝑓apx(𝑃

B
𝑛,𝑘,𝑡) +

∑︁
∀𝑚

𝑓apx(𝑃
S
𝑚,𝑘,𝑡) + 𝜏𝑘,𝑡 ≥ 1, ∀(𝑘, 𝑡), (3.28b)

1

𝑁
QoS
TS

∑︁
∀𝑡∈T𝑞

(
∑︁
∀𝑛
𝜆B𝑛,𝑘,𝑡 +

∑︁
∀𝑚
𝜆S𝑚,𝑘,𝑡) + 𝜒𝑘,𝑞 ≥ 𝑅𝑘 , ∀(𝑘, 𝑞), (3.28c)

𝜏𝑘,𝑡 ≥ 0, 𝜒𝑘,𝑞 ≥ 0, ∀(𝑘, 𝑡, 𝑞), (3.28d)

where 𝝉 = {𝜏𝑘,𝑡 }∀(𝑘,𝑡) and 𝝌 = {𝜒𝑘,𝑞}∀(𝑘,𝑞) are slack variables. An initial point can be found

by solving problem (3.29) until convergence.

3.3.3 Prediction-based Solution

The implementation of the proposed FTW algorithm above requires the channel gain in-

formation of all TSs in the considered time window which is di�cult to achieve in practice

if the number of TSs is su�ciently large. Hence, in this sub-section, we further propose

a prediction-based solution. The overall approach of this solution is described in Fig. 3.4.

Particularly, the entire TW is divided into multiple sub-TWs with the size of 𝑁pred
TS

, yielding

𝑁
pred
TW

= ⌈𝑁TS/𝑁
pred
TS

⌉ sub-TWs. Subsequently, the channel gain information of each sub-
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sub time-windowsub time-window

Outer loop PTW Algorithm for each sub time-window

...

...

...

...

Convex problem

Alg.5: sub-TW

Iteratively solve

Alg.5: sub-TW

Convex problem

Iteratively solve

...

...

...

...

Prediction

Actual

information

Optimization

en
Convex problem

entire time-window

Divide into sub time-windows

Note

sub convex problem 

for sub-TW

Figure 3.4: Flowchart of the prediction-time-window algorithm

TW is predicted based on the UE's information in the previous one. For convenience, let

T pred
𝜅 = {(𝜅 − 1)𝑁pred

TS
+ 1, . . . , 𝜅𝑁pred

TS
} be the set of TSs in sub-TW 𝜅.

Supposing that the satellite orbit information, BS's position, and 3D map knowledge are

available, one can further assume that the channel gain of LSat/BS-UE links can be identi�ed

by employing the RayT mechanism for the given UE's position. However, to obtain the

channel gain information in a sub-TW while avoiding the frequent update of UE's position

at each TS, one necessitates predicting the UE position based on UE's information in the

past. It is worth noting that UE is the vehicle, for the given UE route which can be obtained

by the navigator application, e.g., Google Navigator, the UE position can be predicted as

follows. Regarding the UE mobility, it can be seen that the changing of the UE's velocity and

trajectory in each sub-TW is negligible for a su�ciently small window size. Hence, let 𝑣𝑘,𝑡

and 𝑣𝑘,𝑡 be the actual and predicted velocities of UE𝑘 at TS 𝑡, UE𝑘 's velocity in sub-TW 𝜅 is

predicted as

𝑣𝑘,𝑡 =
1

𝑁
pred
TS

∑︁
∀𝑡 ′∈Tpred

𝜅−1

𝑣𝑘,𝑡 ′ , ∀𝑡 ∈ T pred
𝜅 ,∀𝑘. (3.29)

Subsequently, let 𝑑𝑘,𝑡 be the distance from the starting point to the UE𝑘 's position at TS 𝑡

along the given route, the predicted distance 𝑑𝑘,𝑡 in sub-TW 𝜅−th can be identi�ed as

𝑑𝑘,𝑡 = 𝑑𝑘,𝑡 ′ + 𝑇S𝑣𝑘,𝑡 , ∀𝑡 ∈ T pred
𝜅 , (3.30)

where 𝑡′ = (𝜅 − 1)𝑁pred
TS

is the TS before sub-TW 𝜅. Based on the predicted UE position, the

channel gain information can be identi�ed by the RayT mechanism as the above assumption.

The channel gain prediction procedure is summarized as in Algorithm 5. Given the channel
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gain in sub-TW 𝜅, the optimization problem in sub-TW 𝜅 is revised from problem (P2) as

(P2)𝜅 : max
𝑷B
𝜅 ,𝑷

S
𝜅 ,𝝀

B
𝜅 ,𝝀

S
𝜅 ,

𝝁B
𝜅 ,𝝁

S
𝜅 ,𝒂𝜅 ,𝒃𝜅

𝜌

𝑁
pred
TS

𝜆𝜅 −
1 − 𝜌
𝑁

pred
TS

𝑓 CC,(𝑖)(𝑷B
𝜅 , 𝑷

S
𝜅)

s.t. (𝐶1)𝜅 − (𝐶12)𝜅 ,

wherein the added low su�x (·)𝜅 in the constraint and variable notations indicates the adap-

tation of TS range which is limited within sub-TW 𝜅. For simpli�cation, we assume that

sub-TW size 𝑁pred
TS

is equal to integer times 𝑁QoS
TS

. To obtain the solution for problem (P0),

channel gain prediction is executed and problem (P2)𝜅 is solved for each sub-TW. Particu-

larly, at the end of sub-TW (𝜅−1), channel gain for sub-TW 𝜅 is predicted and problem (P2)𝜅

is solved. The proposed prediction-based algorithm, so-called prediction-based time-window

(PTW) algorithm, is described in Algorithm 6. Its convergence is discussed in the following

proposition.

Proposition 9. Algorithm 6 is guaranteed for convergence to a local optimal solution of

problem (P0).

Proof: To proof the convergence of Algorithm 6, one needs to proof the independence

among problems (P2)𝜅 of di�erent sub-TWs and the convergence in solving each problem

(P2)𝜅 . Let Ω𝜅 = (𝑷B
𝜅 , 𝑷

S
𝜅 , 𝝀

B
𝜅 , 𝝀

S
𝜅 , 𝝁

B
𝜅 , 𝝁

S
𝜅 , 𝒂𝜅 , 𝒃𝜅) be the variable tuple of problem (P2)𝜅 . It can

be seen that there is no coupling between variable tuples of problems (P2)𝜅 and (P2)𝜅 ′ ,∀𝜅 ̸= 𝜅′,

i.e., Ω𝜅 ∩Ω𝜅 ′ = ∅. Therefore, problem (P2)𝜅 for each sub-TW 𝜅 can be solved independently.

In addition, problem (P2)𝜅 has the same structure with problem (P2). Hence, solving each

problem (P2)𝜅 as in steps 4 of Algorithm 6 is guaranteed to converge, and the aggregated

solution for all sub-TWs is the local optimal solution of problem (P0) which can be proved

similarly to the proof of Proposition 8.

Remark 6. The proposed FTW and PTW algorithms are designed based on the average joint

max-sum-rate and min-CC-number problems (P∈) and (P2)𝜅 , however, they can easily adapt

to the average joint max-sum-rate and min-CC-number objective with simple modi�cations.

Particularly, let 𝜆min
𝑡 be the slack variable indicating the minimum UE rate at TS 𝑡. Indeed,

by the following modi�cations:

� replacing 𝜆 by 𝜆min
𝑡 in the objective function,
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Figure 3.5: Information exchange in the prediction-based algorithm

� replacing the minimum rate requirement 𝑅𝑘 by 𝜆min
𝑡 in constraint (𝐶6) and (𝐶6)𝜅 of

problems (P2) and (P2)𝜅 , respectively,

the proposed FTW and PTW algorithms can be directly applied to solve average joint max-

min-rate and min-CC-number problems.

3.3.4 Prediction-based Algorithm Implementation

To clarify the practical implementation, Fig. 3.5 depicts the update and execution procedures

of the prediction-based algorithm. In particular, at the end of each sub-TW 𝜅, UEs update

their velocity, position, and route via the connected BS/LSat while LSats update their orbit

information to the CNC. Subsequently, the CNC executes Algorithm 5 to predict the channel

gain for the next sub-TW (𝜅 + 1). Based on which the CNC executes problem (P2)𝜅+1 to

�nd the solution for the next sub-TW (𝜅 + 1). Since the update and execution procedures

occur only once in each sub-TW, this approach reduces the signaling amount between nodes

and the computation frequency at CNC. Additionally, depending on the stability of satellite

orbits, LSats can update information less frequently instead of at every sub-TW which further

reduces the data exchange frequency over the long propagation link between LSats and ground

segments. Furthermore, the implementation analysis with the speci�c parameter setting is

provided in the simulation results section.

Remark 7. Thanks to updating the UE route at each sub-TW, the PTW algorithm can adapt

to the changes of the UE route in practice which avoids the outdated route information provided

at the beginning time.

Remark 8. In practical implementation, the resource allocation task should be completed

within a �nite time horizon, which may vary depending on the practical systems. For simpli�-

cation, we assume that the computation capacity of the CNC is adequate and the time horizon

for the resource allocation task is extensive enough.
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Algorithm 5 Channel Gain Prediction

1: Input: Satellite orbit, BS's positions, 3D map data, UE's routes, sub-TW index 𝜅, and UE's velocity and
position in the previous sub-TWs.

2: Predict 𝑣𝑘,𝑡 and 𝑑𝑘,𝑡 of UEs in sub-TW 𝜅 by (3.29) and (3.30).
3: Identify UE positions from 𝑑𝑘,𝑡 with respect to given UE's routes.
4: Identify channel gain from UE position by RayT mechanism.
5: Output: The channel gain information of UEs in sub-TW 𝜅.

Algorithm 6 PTW Algorithm for Solving Problem (P0)

1: Set 𝜅 = 1.
2: while 𝜅 ≤ 𝑁pred

TW
do

3: Predict the channel gain in sub-TW 𝜅 by Algorithm 5.
4: Solve problem (P2)𝜅 by Algorithm 4 with adaptation for sub-TW 𝜅.
5: Set 𝜅 = 𝜅 + 1.
6: end while

7: Recovery UA solutions 𝜶 and 𝜷 by (3.28).
8: Output: The solution (𝜶★, 𝜷★, 𝑷B,★, 𝑷S,★).

3.4 Benchmarks and Complexity Analysis

3.4.1 Greedy Algorithm

In this benchmark algorithm, the UA is selected based on the channel gain while the transmit

power of each BS/LSat is allocated uniformly. For BS-UE connection, at each TS, the BSn −

UEk link is chosen based on the descending channel gain order if: 1) UEk is still not connected

to any BSs to ensure (𝐶1) and 2) the total number of connected and selected UEs at BSn is still

less than ΨB
𝑛 to ensure (𝐶2). The same procedure is conducted for the LSat-SUE connection

such that constraints (𝐶3) and (𝐶4) are satis�ed. Since only the channel gain-based UA is

considered, the QoS constraint (𝐶6) is not guaranteed. The Greedy Algorithm is described in

Algorithm 7. For convenience, the MATLAB notation is used to perform the matrix index.

3.4.2 Other Benchmark Algorithm

For comparison purposes, we introduce a benchmark algorithm based on our previous work

[31]. In [31], we studied a similar system model to that in this work wherein the UA is opti-

mized with a �xed transmit power. However, in [31] the objective is only SR maximization. To

adapt the algorithm proposed in [31] to this work, we aim to modify this algorithm as follows.

To consider the multi-objective in problem (P0), the CC minimization objective 𝑓 CC(𝜶, 𝜷) is

added, wherein multi-objective factors 𝜌 and (1 − 𝜌) are added into SR and CC objectives.

Subsequently, proposition 6 is applied to 𝑓 CC(𝜶, 𝜷), where components |𝛼𝑛,𝑘,𝑡 − 𝛼𝑛,𝑘,𝑡−1 | and

|𝛽𝑚,𝑘,𝑡 − 𝛽𝑚,𝑘,𝑡−1 | are convexi�ed similar to the procedure applied to |∥𝑷B
𝑛,𝑘,𝑡

∥0−∥𝑷B
𝑛,𝑘,𝑡−1∥0 |
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Algorithm 7 Greedy Algorithm

1: Input: Channel gain h = [ℎ𝑛,𝑘,𝑡 ]∀(𝑛,𝑘,𝑡) and g = [𝑔𝑚,𝑘,𝑡 ]∀(𝑚,𝑘,𝑡), and parameters {𝜓B
𝑛 , 𝜓

S
𝑚, 𝜂

B
𝑛,𝑡 , 𝜂

S
𝑚,𝑡 }∀(𝑚,𝑛,𝑡).

2: Initialize: Zero matrices 𝜶 and 𝜷
3: for Each TS 𝑡 do
4: while h(:, :, 𝑡) ̸= 0 do
5: Find index (𝑛, 𝑘) satisfying h(𝑛, 𝑘, 𝑡) = max(h(:, :, 𝑡)).
6: if

∑
∀𝑘𝛼𝑛,𝑘,𝑡 ≤ 𝜓B

𝑛
− 𝜂B

𝑛,𝑡

7: then Update 𝛼
𝑛,𝑘,𝑡

= 1 and h(:, 𝑘, 𝑡) = 0
8: else Update h(𝑛, :, 𝑡) := 0
9: end while

10: while g(:, :, 𝑡) ̸= 0 do
11: Find index (𝑚̂, 𝑘) satisfying g(𝑚̂, 𝑘, 𝑡) = max(g(:, :, 𝑡)).
12: if

∑
∀𝑘𝛽𝑚̂,𝑘,𝑡 ≤ 𝜓S

𝑚̂
− 𝜂S

𝑚̂,𝑡

13: then Update 𝛽
𝑚̂,𝑘,𝑡

= 1 and g(:, 𝑘, 𝑡) = 0
14: else Update g(𝑚̂, :, 𝑡) := 0
15: end while

16: end for

17: Output: UA solution 𝜶, 𝜷.

and |∥𝑷S
𝑚,𝑘,𝑡

∥0−∥𝑷S
𝑚,𝑘,𝑡−1∥0 |, respectively. Additionally, the transmit power at each BS/LSat

is �xed and uniformly allocated. This modi�ed algorithm is named the full-time-window UA

(FWUA) algorithm.

3.4.3 Complexity Analysis

This section analyzes the complexity of the proposed algorithms and benchmark algorithms

described above regarding big-O notation. One notes that FTW, PTW, and FWUA algo-

rithms involve solving convex problems. Assuming that the interior method is employed to

solve the convex problems, the complexity in terms of big-O is O(𝑐1/2(𝑐 + 𝑣)𝑣2) where 𝑐 and

𝑣 are the numbers of inequality constraints and variables, respectively [105].

FTW Algorithm

As described in Algorithm 4, the FTW Algorithm includes one loop in Steps 2-6, wherein

problem (P2) is solved iteratively. Since problem (P2) consists of 𝑣FTW = 3𝑁𝐾𝑁TS +

3𝑀𝐾𝑁TS + 𝑁𝑁TS + 𝑀𝑁TS variables and 𝑐FTW = 4𝑁𝐾𝑁TS + 4𝑀𝐾𝑁TS + 2𝑁𝑁TS + 2𝑀𝑁TS +

5𝐾𝑁TS + 𝐾𝑁TS/𝑁
QoS
TS

inequality constraints, the complexity of the FTW Algorithm can be

expressed as

𝑋FTW = O(𝑁iter𝑐
1/2
FTW

(𝑐FTW + 𝑣FTW)𝑣3FTW), (3.31)

wherein 𝑁iter is the required number iteration for convergence.
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PTW Algorithm

Regarding Algorithm 6, the PTW Algorithm consists of two loops: the outer loop corresponds

to the number of sub-TWs 𝑁pred
TW

and the inner loop relates to solving problem (P2)𝜅 iteratively.

Since problem (P2)𝜅 consists of 𝑣PTW = 3𝑁𝐾𝑁pred
TS

+ 3𝑀𝐾𝑁pred
TS

+ 𝑁𝑁
pred
TS

+ 𝑀𝑁
pred
TS

variables

and 𝑐PTW = 4𝑁𝐾𝑁pred
TS

+4𝑀𝐾𝑁pred
TS

+2𝑁𝑁pred
TS

+2𝑀𝑁pred
TS

+5𝐾𝑁pred
TS

+𝐾𝑁pred
TS

/𝑁
QoS
TS

inequality

constraints, the complexity of the PTW Algorithm can be expressed as

𝑋PTW = O(𝑁iter𝑁
pred
TW

𝑐
1/2
PTW

(𝑐PTW + 𝑣PTW)𝑣3PTW). (3.32)

Greedy Algorithm

Regarding Algorithm 7, the Greedy Algorithm consists of one outer-loop with 𝑁TS loops and

two inner-loops for BS-UE and LSat-UA, respectively. In the �rst inner-loop in Step 4-8,

one needs to execute 𝐾 times until h(:, :, 𝑡) = 0 in worst case, wherein �nding and updating in

Step 5-8 demand a complexity of O(𝑁𝐾 + 𝑁) for each time. The computation for each time

in the second inner loop is identi�ed similarly. In summary, the complexity of the Greedy

Algorithm can be given as

𝑋Gre.Alg. = O(𝑁TS(𝑁𝐾
2 + 𝑁𝐾 + 𝑀𝐾2 + 𝑀𝐾)). (3.33)

FWUA Algorithm

In the FWUA Algorithm, a convex problem for UA is solved iteratively until convergence.

The convex problem associated with the FTWUA Algorithm consists of 𝑣FWUA = 3𝑁𝐾𝑁TS +

3𝑀𝐾𝑁TS + 𝑁𝑁TS + 𝑀𝑁TS variables and 𝑐FWUA = 5𝑁𝐾𝑁TS + 5𝑀𝐾𝑁TS + 𝑁𝑁TS + 𝑀𝑁TS +

5𝐾𝑁TS + 𝐾𝑁TS/𝑁
QoS
TS

inequality constraints. Therefore, the complexity of the FTWUA Al-

gorithm can be expressed as

𝑋FWUA = O(𝑁iter𝑐
1/2
FWUA

(𝑐FWUA + 𝑣FWUA)𝑣
3
FWUA). (3.34)
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Figure 3.6: Population distribution in the entire examined area, the total population in each colored
area is indicated by its color.

3.5 Numerical Results

3.5.1 Simulation Setup

The simulation is conducted in urban environments on an area in London city limited by lat-

itude and longitude ranges of [51.5115◦N, 51.5965◦N] and [0.1772◦W, 0.0028◦E], respectively.

Subsequently, the map is divided into a grid of segments where the size of each segment is

(0.005◦ × 0.005◦) in latitude and longitude, respectively. To evaluate the link budget across

map locations, the receiver grid size in each map segment is (100 × 100) points. It is worth

noting that UEs are the vehicles, thus receiver points are deployed outdoors. Regarding the

transmitters, one assumes that one BS is deployed in each map segment at the highest build-

ing. In addition, one LEO constellation at 500 km is considered. To reduce the shadow

area caused by high-buildings when LSats at low elevation angle and improve the coverage,

one assumes that there are 2 LSats which can be used in the FoV at each instance time.

Regarding UE mobility, the UE's routes are obtained by the navigator data in the Google

Map application. Additionally, the number of TUEs at BS𝑛 𝜂
B
𝑛,𝑡 and SUEs at LSat𝑚 𝜂S𝑚,𝑡 are

assumed to be Poisson random variables with means 𝜂B𝑛 and 𝜂S𝑚. Furthermore, to consider

the heterogeneity of UE number in the considered area, the means number of TUEs at BSs

𝜂B𝑛 are set proportionally to the population distribution in the area which is extracted from

London's age data set [106] and depicted in Fig. 3.6. Particularly, the population in each

map segment is computed based on the dataset, then 𝜂B𝑛 for each map segment is scaled pro-

portionally to its population so that max𝑛{𝜂B𝑛 } = 𝜂Bmax. The key simulation parameters are

described in Table. 3.1 wherein parameter set 1 for co-existence study in 3GPP TR 38-863
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Figure 3.7: Raytracing result of BS/LSat-UE links.
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Figure 3.8: The coverage percentage (CINR ≥ 3 dB) versus the number of deployed BSs.

is utilized. In practical systems, if the power �ux density limit is explicit, the maximum

LSat transmit power could be adjusted appropriately. The simulations are carried out on

a computer equipped with an Intel Xeon E5 CPU @ 2.4 GHz and 128 GB RAM, wherein

the iterative algorithms are implemented by using the MATLAB programming environment,

leveraging the CVX modeling framework and MOSEK solver. For an intuitive view of com-

plicated environments in urban areas, we �rst investigate the link budget assessment in terms

of the CINR of BS/LSat-UE links with practical data. Subsequently, the numerical results

are carried out to evaluate the performance in terms of SR and CC number optimization of

the considered algorithms.

3.5.2 Link Budget Simulation Results

This section carries out the simulation to assess the link budget in terms of the CINR of

BS/LSat-UE links in urban environments. The CINR of links can be calculated as described

in [107]. Additionally, based on the outcomes of RayT simulation, i.e., propagation loss, phase
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(a) CINR of BS/LSat-UE1 (above) and BS/LSat-UE7 (below) links
over TSs.

(b) CINR of BS-UE links.

(c) CINR of LSat-UE links.

Figure 3.9: CINR of BS/LSat-UE1 and BS/LSat-UE7 links over TSs corresponding to the CINR
heatmap in a small area.

delay, and AoA and AoD of rays, the equivalent PL of each link is computed by (3.1). To be

more intuitive, the RayT simulation of the BS-UE and LSat-UE links is shown in Fig. 3.7,

where the elevation angle at the receiver points to LSat is 60◦. This shows the impact of

building and the complicated propagation of rays from BS/LSat to the receiver points in

urban environments, which is di�cult to determine mathematically.

To evaluate the e�ectiveness of ISTNs in improving coverage, Fig. 3.8 illustrates the per-

centage of coverage area with CINR ≥ 3 dB of di�erent deployment options versus the number

of BSs. Obviously, increasing the number of BSs improves coverage. However, based on the

trend, one may require to deploy a large number of BSs to achieve more than 90% coverage.

In contrast, using integrated BSs with 1 or 2 LSats can signi�cantly increase the coverage

percentage, i.e., more than 90% of the considered area. This also demonstrates the cost-

e�ectiveness of ISTNs in improving coverage and facilitating seamless connectivity.

Fig. 3.9 shows the CINR heatmap of BS/LSat-UE links and the time-varying CINR of two

UEs corresponding to their route in a considered area. Regarding the CINR heatmap, one can

see the heterogeneity of both BS-UE and LSat-UE links. In particular, the CINR of BS-UE

links is improved in areas with dense buildings and dense BS deployment. This is due to the

blockage of the high and dense building to the LSat-UE links while the BS-UE links against

the impact of the building by dense deployment of BSs as depicted in Fig. 3.7. Additionally,

the CINR of LSat-UE links increases in the area with fewer buildings. Interestingly, despite

the signi�cant propagation loss due to the long distance of the LSat-UE links compared to BS-

UE ones, its CINR is higher than that of the BS-UE link in certain areas. This phenomenon
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Table 3.1: Simulation Parameters

Parameter Value

Number of TSs, 𝑁TS 3600 TSs

Sub-TW size, 𝑁pred
TS

90 TSs
TS duration, 𝑇S 0.5 s
Operation frequency, 𝑓𝑐 3.4 GHz
System bandwidth, 𝐵 20 MHz
Latitude limitation of area [51.5115◦N, 51.5965◦N]
Longitude limitation of area [0.1772◦W, 0.0028◦E]
Size of one map segment 0.005◦ × 0.005◦

Receiver point grid size in one segment 100 × 100 points
Number of BSs 467
BS antenna parameters [9]
LEO constellation 500 km
LEO inclination angle 53◦

Minimum elevation angle in FoV 𝜃 60◦

Number of LSats at each time 2
LSat antenna aperture, 𝑎 1 m [8,9]
Maximum LSat antenna gain, 𝐺max

Sat 30 dBi [8, 9]
Number of UEs 12
UE antenna height 1 m
Maximum UE antenna gain 12.8 dBi

BS's power budget, 𝑃B,max
𝑛 42 dBm

LSat's power budget, 𝑃S,max
𝑚 14 dBW

UE receiver noise �gure, 𝐺 𝑓 1.2 dB
UE antenna temperature, 𝑇𝑎 150 K
Penetration loss of IRR glass, 𝐿IRRglass 23 + 0.3 𝑓 [GHz] [99]
Penetration loss of concrete, 𝐿concrete 5 + 4 𝑓 [GHz] [99]
Maximum number of served UEs at BSs, 𝜓B

𝑛 20
Maximum number of served UEs at LSats, 𝜓S

𝑚 100
Maximum mean TUE number at BSs, 𝜂Bmax 18
Mean SUE number at LSats, 𝜂S𝑚 95
Multi-objective factor, 𝜌 0.9
Smooth parameter of the approx. function, 𝜁 10

is due to the impact of the antenna gain pattern at the UE which is equipped with the patch

antenna. In particular, the elevation angle at the UE towards the LSat can be seen as constant

across the map due to the long UE-LSat distance as in Fig. 3.7. This elevation angle is in a

range of about 60◦ − 90◦, which results in an antenna gain at UE of about 7.3 − 12.8 dBi as

shown in Fig. 3.2. However, except for locations near BSs, the BS-UE links are transmitted

almost in the horizontal plane with a low elevation angle, i.e., about 20◦ − 30◦, leading to

the low antenna gain at UE, i.e., about −26.3 dBi to −12.8 dBi. For instance, at locations

wherein the elevation angles of LSat-UE and BS-UE links are 60◦ and 30◦, the gap in antenna

gain between two links is about 20.1 dBi. Therefore, in areas where there exists a signi�cant
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Figure 3.10: Convergence of the objective function.

antenna gain disparity, the antenna gain can compensate the distance gap between the LSat-

UE and BS-UE links, allowing the LSat-UE links to outperform the BS-UE links in terms of

CINR. Additionally, regarding time-varying CINR, one can see the correlation between the

UE routes on the CINR heatmap and their CINR over TSs. This change in both BS/LSat-

UE links is due to the combination of UE mobility, LSat movement, and building in�uence.

Depending on the UE location, the quality of BS/LSat-UE links is di�erent, especially the

LSat-UE links which are time-dependence due to LSat movement. In particular, the CINR

can be changed with di�erent positive magnitudes in a range of about 5 − 30 dB or even be

negative, i.e., the link is blocked. This emphasizes the necessity of PA and UA optimization

as formulated in problem (P0).

3.5.3 Numerical Results

This section discusses the numerical results of the proposed and benchmark algorithms in

solving the SR-CC problem. Fig. 3.10 shows the convergence of the objective function which

consists of the average SR and the CC number of the FTW, PTW, and FTUA algorithms

versus iterations. All considered algorithms require only a few tens iterations for convergence.

Due to the optimization of only UA, the FWUA algorithm requires the smallest number

of iterations for convergence among three, about 14 iterations. Additionally, the proposed

FTW and PTW algorithms need a slightly higher number of iterations, i.e., about 23 and

24 iterations, respectively. In practical implementation, if the running time of the proposed

algorithms is too long, one can stop the execution before convergence to obtain a good enough

solution.

Fig. 3.11 depicts the Pareto curves of the average SR and CC number per TS of the

considered algorithms versus multi-objective factor 𝜌. One can see that the Pareto curves of
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Figure 3.11: Pareto front of the average SR and CC number vs multi-objective factor 𝜌.

the two proposed algorithms are close and outperform that of the FWUA algorithm in terms

of the SR and the CC number. Particularly, at 𝜌 = 0.9, 𝜌 = 0.7, and 𝜌 = 0.5, both SR

and the CC number results provided by the two proposed algorithms are better than those

by the FWUA algorithm. At 𝜌 = 0.3 and 𝜌 = 0.1, the FWUA algorithm can provide a

better SR compared to the two proposed algorithms, however, the CC number outcome is

worse. Obviously, a higher 𝜌 increases the priority of SR maximization and decreases that

of CC number minimization. However, for the FTW and PTW algorithms, the Pareto curve

increases quickly from 𝜌 = 0.1 to 𝜌 = 0.7, i.e., SR rapidly raises and the CC number slowly

increases, whereas it slowly increases from 𝜌 = 0.7 to 𝜌 = 0.9. Particularly, SR increases

about 10.6, 5.9, and 2.6 bps/Hz and the average CC number increases about 0.15, 0.23, and

0.35 when increasing 𝜌 = 0.1 → 0.3, 𝜌 = 0.3 → 0.5, and 𝜌 = 0.5 → 0.7, whereas the average

SR and the CC number increase about 2.27 bps/Hz and 0.6 when increasing 𝜌 = 0.7 → 0.9,

respectively. Based on this observation, we choose 𝜌 = 0.7 to balance between the average

SR and CC number.

Fig. 3.12 shows the statistic channel prediction error in terms of the mean absolute per-

centage error (MAPE). Obviously, a larger prediction window leads to a higher channel pre-

diction error. Particularly, the MAPE values are about 0.07 and 0.14 at 𝑁pred
TS

= 60 TSs and

𝑁
pred
TS

= 180 TSs, respectively. For more information on the impact of prediction window size,

Fig. 3.13 illustrates the performance of the PTW Algorithm in terms of the average SR and

the CC number with the di�erent sizes of prediction sub-TW 𝑁
pred
TS

and those of the FTW

and FWUA algorithms as the baselines. Regarding the CC, since the sub-TW is optimized

independently, a longer prediction window size leads to a lower number of sub-TW, thus the

CC number decreases. However, a larger window size results in less accuracy in channel gain
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Figure 3.12: Mean absolute percentage error (MAPE) of Alg. 5 vs. prediction sub-TW size.
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Figure 3.13: Sum-rate and CC number of Alg. 6 vs. prediction sub-TW size.

prediction as MAPE increases, leading to degradation of SR performance. Additionally, the

UA decision is made based on the predicted channel, the higher prediction error may lead

to more unsuitable UA decisions with the actual channel, which also contributes to the SR

degradation. For instance, the SR degradation is about 2 bps/Hz and the average number of

CCs decreases about 0.15 when raising 𝑁pred
TS

from 60 to 180. This can be considered as the

trade-o� between SR and CC performances. However, these performances can be balanced

and comparable with those of the FTW Algorithm by choosing an appropriate prediction

sub-TW size.

Fig. 3.14 depicts the impact of the BS's power budget on the average SR and number of

CCs. Regarding the CC results, one can see that the change in BS's power budget does not

signi�cantly a�ect the average number of CCs. However, two proposed FTW and PTW Algo-

rithms outperform the two other benchmarks in terms of average CC number. In particular,

the average CC number outcome of the two proposed algorithms is about 0.65 whereas those
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Figure 3.14: Sum-rate and CC number vs. BS maximum transmit power.

of the FWUA and Greedy Algorithms are about 1.9 and 8.7, respectively. Regarding the SR,

the trends of the FWUA and Greedy Algorithms �rst decrease and then increase as the BS's

power budget increases. This phenomenon arises because interference from BSs to LSat-UE

links increases with the BS's power budget, becoming signi�cant at particular BS power levels.

Subsequently, at a su�ciently high BS power, the SR o�ered by BS-UE links dominates that

by LSat-UE links, which leads to an increase in system SR. Additionally, increasing the BS's

power budget can improve the BS-UE links. This is shown by the increase in the ratio of the

SR contributed by BSs with the BS's power budget. Regarding the two proposed algorithms,

the ratio is about 22% at 𝑃B,max = 34 dBm and 43% at 𝑃B,max = 46 dBm. Besides, due to

the �exibility of PA in the FTW and PTW algorithms, the two proposed algorithms o�er a

signi�cant SR improvement. Especially, the SR gap between the two lines is not signi�cant,

i.e., about 0.5 bps/Hz. For instance, SR outcomes of the FTW and PTW algorithms are

about 19.1 and 18.6 bps/Hz at 𝑃B,max = 40 dBm, respectively.

For more insight into the impact of BS's power budget, Fig. 3.15 displays the average

number of UEs served by BSs and LSats with the di�erent 𝑃B,max. Regarding the two proposed

algorithms, one can see that the average number of UEs served in BSs increases as 𝑃B,max

increases. For instance, that is about 3.8 and 4.7 UEs at 𝑃B,max = 34 dBm and 𝑃B,max = 46

dBm, respectively. Additionally, that number at LSats decreases as 𝑃BS,max increases, which is

about 8.1 and 7.3 UEs at 𝑃B,max = 34 dBm and 𝑃B,max = 46 dBm, respectively. This indicates

that UEs priories BSs's connections to achieve a higher SR as the BS's power budget increases.

Furthermore, the average numbers of served UEs at BSs and LSats provided by the proposed

FTW and PTW Algorithms are less than that by the greedy algorithm. This emphasizes

the e�ectiveness of the proposed algorithms wherein they require less number of connections
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Figure 3.15: Served-UE number vs BS maximum transmit power.

while providing better SR compared to the two benchmark ones, i.e., the FWUA and greedy

algorithms.

Fig. 3.16 shows the average SR and number of CCs versus the LSat's power budget.

Regarding the CC number, this is similar to that in Fig. 3.14, wherein its change is not

signi�cant as di�erent 𝑃S,max. Regarding the SR performance, the trends of the four considered

algorithms are similar. In particular, as the power budget at LSats increases, the SR �rst drops

due to the increase of interference from LSats to BS-UE links. Subsequently, the SR rises at a

su�ciently high LSat power budget due to the domination quality of LSat-UE links compared

to that of BS-UE links. For instance, at 𝑃S,max = (6, 12, 16) dBW, the SR provided by the

FWT and PTW Algorithms is approximately (18.8, 18.4, 20.4) bps/Hz and (18.4, 17.9, 19.8)

bps/Hz, respectively. Furthermore, the SR contribution ratio of LSats increases with the

LSat's power budget due to the LSat-UE link's improvement. Particularly, regarding the two

proposed algorithms, LSats contributes about 24% and 74% of SR at 𝑃S,max = 6 dBW and

𝑃S,max = 16 dBW, respectively. Compared to SR at di�erent 𝑃BS,max in Fig. 3.14, the SR

degradation in this �gure shows a more critical impact of interference from LSats to BS-UE

links, even with PA of the two proposed algorithms. This is explained by the impact of

interference from LSats on BS-UE links in a vast area, whereas BSs cause interference on

LSat-UE links locally due to the isolation by high buildings.

For more insight into the impact of LSat's power budget, Fig. 3.17 shows the average

number of served UEs at BSs and at LSats with the di�erent cases of 𝑃S,max. In the two

proposed algorithms, the UEs reduce the connections to the BSs and increase those at LSats

as the maximum LSat power increases since the SR o�ered by LSats is improved. Particularly,

the average numbers of UEs served at BSs and LSats are about 5.7 and 6.3 at 𝑃S,max = 6
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Figure 3.16: Sum-rate and the number of CCs versus the maximum transmit power at the LSat.
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Figure 3.17: Average served-UE number vs LSat max transmit power.

dBW, and about 4.2 and 7.8 at 𝑃S,max = 16 dBW. Furthermore, compared to the bench-

mark algorithms, this �gure again shows the e�ectiveness of the two proposed algorithms in

terms of SR and connection number wherein their solutions have similar or fewer numbers of

connections but better SR performance.

Subsequently, Fig. 3.18 illustrates the average SR and the number of CCs versus the

di�erent rate requirement 𝑅𝑘 . Regarding the FWUA algorithm, the SR performance changes

insigni�cantly with di�erent rate requirements. However, to satisfy the QoS constraint, the

number of CCs increases as 𝑅𝑘 increases. For the two proposed algorithms, as 𝑅𝑘 increases,

the SR outcomes decrease whereas the numbers of CCs increase. One can see that the increase

in the rate requirement leads to a smaller feasible set of the SR-CC problem, which results in

degradation in the SR and CC performance. Particularly, at 𝑅𝑘 = 0.2 bps/Hz, the average SR

results of the FTW and PTW algorithms are about 20.12 bps/Hz and 19.45 bps/Hz, and the

CC number is about 0.9; at 𝑅𝑘 = 1 bps/Hz, the those SR results are about 18.8 bps/Hz and

18.1 bps/Hz, and the CC number is about 1.7, respectively. However, at all considered rate

requirement levels, the two proposed algorithms always outperform the FWUA and greedy
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Figure 3.18: Sum-rate and CC number versus the minimum rate requirement.
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Figure 3.19: The cumulative distribution function of the achievable rate at the minimum rate require-
ments of 𝑅𝑘 = 0 bps/Hz and 𝑅𝑘 = 0.6 bps/Hz.

algorithms in terms of SR and the CC-number.

For more information on the impact of QoS requirements, Fig. 3.19 shows the cumulative

distribution function (CDF) of the achievable rate with rate requirement 𝑅𝑘 = 0 bps/Hz and

𝑅𝑘 = 0.6 bps/Hz. Regarding the FWUA algorithm, the CDF of achievable rates at 𝑅𝑘 = 0

bps/Hz and 𝑅𝑘 = 0.6 bps/Hz are similar, which further clari�es the near constancy of SR

in Fig. 3.18. In contrast, the CDFs of the rate outcomes of the FTW and PTW algorithms

change signi�cantly at 𝑅𝑘 = 0 bps/Hz and 𝑅𝑘 = 0.6 bps/Hz. Particularly, compared to the

CDFs at 𝑅𝑘 = 0 bps/Hz, those at 𝑅𝑘 = 0.6 bps/Hz are forced to satisfy the minimum rate

requirement. However, due to the channel prediction error in the PWT algorithm, one can see

the degradation of the achievable rate, especially at lower than 𝑅𝑘 = 0.6 bps/Hz. However,

the probabilities of rate outcomes of the FTW and PTW algorithms lower than 𝑅𝑘 = 0.6

bps/Hz are relatively small, i.e., about 0.03 and 0.2, respectively.

To assess computational e�ciency, the average running time of the PTW algorithm with
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Figure 3.20: Average running time of examined iterative algorithms.

varying prediction window sizes 𝑁pred
TS

and those of the benchmark, i.e., the FTW and FTUA

algorithms, are shown in Fig. 3.20. Since the FTW and FTUA algorithms solve the problem

over the entire time window, they incur an extremely high time for execution, i.e., about 632.3

and 512.4 minutes. In contrast, the PTW algorithm exhibits much lower running time. While

its running time increases slightly with larger prediction window size, due to the increasing

size of problem (P∈)≤ , it remains substantially more e�cient than the FTW and FTUA ones.

Speci�cally, for 𝑁pred
TS

= (60, 90, 120, 150, 180) TSs, the average running time of the PTW

algorithm is approximately 6.2, 8.4, 11.1, 14.2, and 18.31 minutes, respectively. Notably, the

proposed PTW algorithm can achieve performance comparable to the FTW algorithm and

even outperforms the FTUA one in terms of max-SR and min-CC-number, while requiring

only a fraction of the running time, i.e, approximately 1%− 3.5% of the benchmarks' running

time.

3.5.4 Practical Implementation Analysis

According to the simulation setting, assuming that the CNC is deployed at the center of

the examined area, the distance between the CNC and BSs is about 7.8 km leading to the

propagation time between CNC and BSs of 𝑇CNC,BS ≤ 0.03 µs. Besides, due to the satel-

lite orbit altitude of 500 km, the propagation time between the CNC and LSats is about

𝑇CNC,LSat ≈ 1.7 ms. The time consumption due to propagation and signaling is depicted in

Fig. 3.21. In the best case where UEs can update their status via BSs, this time consumption

is about 𝑇best = 2×𝑇CNC,LSat = 3.4 ms, while in the worst case where existing UEs which need

to update their status via LSats this time is about 𝑇worst = 3 × 𝑇CNC,LSat = 5.1 ms. Addition-

ally, for TS duration of 𝑇S = 0.5 s and the sub-TW size of 𝑁pred
TS

= 90 TSs as in simulation

setting, the sub-TW duration is 𝑇sub−TW = 45 s. One can see that the time consumption
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for propagation and signaling in the worst case is negligible compared to sub-TW duration.

Hence, this further shows the practicality of the proposed PTW algorithm.

Besides, the segmentation of the map in the considered area can reduce the complexity

of the prediction mechanism which facilitates scalability. Particularly, based on the outcome

of the UE position prediction step, for each UE, one can determine the map segment corre-

sponding to its position in a sub-TW. Based on which the RayT mechanism can execute for

the identi�ed map segment rather than the entire considered map. Furthermore, these steps

can be executed in a parallel manner for UEs which further facilitates scalability.

3.6 Summary

This work studied the joint UA and PA for the practical co-primary spectrum sharing ISTNs

in urban environments. Subsequently, the multi-objective of SR maximization and the num-

ber of CCs minimization under the resource limitation constraints is formulated. To solve

this problem, we proposed two algorithms: 1) FTW: an iterative algorithm for the entire

time-window and 2) PTW: a prediction-based algorithm for the implementation purpose that

sequentially predicts the channel gain and solves the problem for sub-time-windows. For

practice evaluation, simulation with the actual 3D map and UE mobility is performed. The

simulation results provide insight into the link budget assessment in urban environments. Ad-

ditionally, numerical results show the e�ectiveness of our two proposed algorithms compared

to the greedy algorithm and the benchmark one (FTUA) in terms of both the system SR and

the CC number.

The approach of using RayT, 3D map, and realistic mobility can be used as a frame-

work for future works. Moreover, this study provides opportunities for further extensions,

particularly in improving the channel model as well as addressing prediction error and intra-

system-interference issues. Speci�cally, for practical applications, random impacts in the
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actual environment can be characterised in the channel model by incorporating correspond-

ing statistical components. Additionally, the prediction mechanism in the proposed PTW

algorithm could be improved to reduce prediction error and SR degradation. For more in-

depth analysis, the potential intra-system-interference issues should be considered in future

research.



Chapter 4

Digital-Twin-based Resource

Management for ISTNs

T
HE explosive growth in wireless service demand has prompted the evolution of ISTNs

to overcome the limitations of traditional TNs in terms of coverage, spectrum e�-

ciency, and deployment cost. Leveraging LEOsats and dynamic spectrum sharing (DSS),

ISTNs o�er promising solutions but face signi�cant challenges due to diverse terrestrial en-

vironments, user and satellite mobility, and long propagation LEO-to-ground distance. To

address these challenges, digit-twin (DT) has emerged as a promising technology to o�er vir-

tual replicas of real-world systems, facilitating prediction for resource management. In this

work, we study a time-window-based DT-aided DSS framework for ISTNs, enabling joint

long-term and short-term resource decisions to reduce system congestion. Based on that, two

optimization problems are formulated, which aim to optimize resource management using DT

information and to re�ne obtained solutions with actual real-time information, respectively.

To e�ciently solve these problems, we proposed algorithms using compressed-sensing-based

and successive convex approximation techniques. Simulation results using actual tra�c data

and the London 3D map demonstrate the superiority in terms of congestion minimization

of our proposed algorithms compared to benchmarks. Additionally, it shows the adaptation

ability and practical feasibility of our proposed solutions.

101
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4.1 Introduction

In recent years, the explosive growth in mobile tra�c and emerging service demands, such as

seamless and ubiquitous connectivity, have driven the evolution of wireless communication.

While next-generation (NextG) networks are envisioned to meet these requirements [3, 21],

relying solely on denser terrestrial networks (TNs) deployment faces signi�cant challenges,

including ine�cient spectrum utilization in sparsely populated areas and high infrastructure

costs. To overcome these limitations, non-terrestrial networks (NTNs), notably satellite net-

works (SatNet), can o�er complementary coverage and tra�c o�oading. Leveraging both

TN and SatNet capabilities, integrated satellite-terrestrial networks (ISTNs) have attracted

much attention as a viable architecture to meet NextG requirements, advancing the goal of

global, uninterrupted coverage. Backed by regulatory and institutional bodies such as the U.S.

Federal Communications Commission (FCC) and the European Space Agency (ESA), ISTNs

are recognized as enablers of direct-to-device (D2D) connectivity and TN support [23, 92].

Among the SatNet options, low Earth orbit (LEO) satellites (LSats) o�er lower latency and

higher channel gain, making them especially suited for tight TN-NTN integration and native

support of NTNs in 6G [21].

To realize ubiquitous connectivity in 6G with ISTNs, e�cient use of radio spectrum across

TNs and SatNets becomes critical. Traditionally, these two networks have operated in sep-

arate radio frequency bands (RFBs), with TNs utilizing lower bands and SatNet relying on

higher ones. However, due to limited spectrum availability, this static allocation strategy

poses limitations, especially in densely deployed or heterogeneous tra�c environments. To

address these constraints, dynamic spectrum sharing (DSS) between TNs and SatNets appears

as an important strategy within ISTNs to improve spectral e�ciency. Recent proposals, such

as MediaTek's spectrum reuse framework, highlight the potential of allowing SatNet to op-

portunistically access terrestrial spectrum [22]. This vision is further reinforced by regulatory

bodies like the FCC and ESA, which support co-primary spectrum use between TN and NTN

systems, particularly for D2D connectivity [23, 92]. Nevertheless, enabling spectrum sharing

in ISTNs introduces critical challenges, especially inter-system interference (ISyI) between

coexisting TN and SatNet transmissions.

E�ectively managing ISyI is essential to realize the full potential of DSS in 6G-ISTN archi-

tectures. This, however, demands advanced technologies to address key challenges stemming

from the wide coverage areas, high mobility of LSats, and the long propagation LSat-to-ground
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(Sat2G) distance. Moreover, LSats often serve regions with diverse terrestrial conditions, es-

pecially in urban environments, where dense buildings introduce re�ection, di�raction, and

signal blockage, further complicating interference patterns. In addition, the dynamic move-

ment of both LSats and users leads to rapidly varying link conditions, while the long Sat2G

increases the overhead for signaling and real-time channel estimation. To address these chal-

lenges, digital-twin (DT) has emerged as a promising technology to o�er virtual replicas of

real-world systems, which enables capturing and emulating the evolution of the physical envi-

ronments, network dynamics, and network entities in real time [108,109] through continuous

monitoring. In the context of ISTNs, utilizing DT to replicate tra�c demand and environmen-

tal conditions [110] can signi�cantly enhance resource management (RM), support proactive

interference mitigation, and reduce Sat2G control signaling by using DT information. In this

paper, we leverage DT to address the key challenges of ISyI, DSS coordination, and RM in

practical ISTN deployments.

4.1.1 Related Works

The interference analysis in TN-NTN systems has been studied in the literature [9,28,93,94].

Speci�cally, the TN-NTN coexistence scenarios were investigated in the S-band [9] and in

the C-band [28]. The stochastic-geometry-based analyses were conducted in [93] to evaluate

system coverage and rate probabilities, and in [94] to assess ergodic spectrum e�ciency. These

works, however, have not considered RM and relied on statistical channel models that struggle

to re�ect actual environments. Additionally, these studies evidenced that uncoordinated DSS

in coexisting TN and NTN generates harmful ISyI, leading to throughput degradation.

Spectrum sharing (SS) designs in ISTNs have been considered in literature [16,17,45�48,

52]. In [16,45�47], snapshot-based SS solutions for ISTNs were considered. In particular, [45]

designed the second-price auction mechanism to achieve an equilibrium SS solution for TNs

and SatNet-based tra�c o�oading. [46] considered a backhaul and access SS framework,

where one satellite served both base stations (BSs) and users (UEs). Limited backhaul link

capacity, the UE association, allocates bandwidth (BW) assignment, and power control were

addressed through the corresponding sub-problems. [47] and [16] studied the RA problems

for throughput maximization in reverse SS scenarios [47] and in underlay/overlay sharing

cases [16]. However, these snapshot-based works have not considered ubiquitous and seamless

connectivity and struggle to capture the dynamic behavior of ISTNs.

The time-window-based SS systems have been examined in [17, 48, 52]. Speci�cally, [48]
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studied DSS for ISTNs, where a centralized coordinator BW to each network based on tra�c

load. In [17], the TN spectrum was temporarily shared with SatNet. The study focused

on beam management, scheduling, and DSS for only SatNet, while TNs were considered

under interference constraints. Both [17, 48] have not considered interference and service

requirements at the user side. Additionally, their designs mainly rely on the statistical channel

model. Filling these gaps, our previous work [52] has utilized 3D map and the ray-tracing

(RayT) mechanism to examine the seamless connectivity and coverage enhancement in urban

areas. However, [52] did not consider BW and RB allocation.

Recently, the DT technology has been utilized in RRM with limitations [111�114]. Par-

ticularly, these DT models are predominantly used to replicate the computation informa-

tion [111, 114], tra�c demand, [112, 113], and UE positions [114]. In addition, the channel

state information (CSI), crucial for wireless RRM, should be replicated in DT models using

the 3D map and RayT mechanism [110]. To the best of our knowledge, the joint design of

BW allocation, tra�c steering, AP/LSat-UE association, RB assignment, and power control

in DSS ISTNs with DT-aided, incorporating a realistic channel model based on actual 3D

maps, has not been thoroughly investigated. This motivates us to �ll this research gap in this

work.

4.1.2 Research Contributions

According to the discussed research gap as well as D2D scenarios driven by ESA and FCC,

this work studies novel DT-aided DSS mechanisms for ISTNs supporting D2D connectivity,

where TNs and SatNets share the same 5G-NR RFBs. Regarding uneven tra�c demand

among services and systems, the work aims to minimize system congestion by improving

spectrum usage through DSS and RRM under service and system constraints. This work's

main contributions can be summarized as follows.

� We investigate the 5G-NR transmission model for ISTNs under a practical system ar-

chitecture and develop a novel DT model to replicate key components of the network.

Beyond replicating tra�c demand and terminal positions, as done in prior works, our

model incorporates realistic terminal antenna patterns, an actual 3D map of the tar-

get area, and a ray-tracing mechanism to accurately emulate LSat/TN access point

(TAP)-to-UE CSIs.

� We formulate two resource-allocation (RA) optimization problems, �joint-RA� and �re-
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�nement�, which respectively rely on DT-predicted information and real-time system

feedback, such as CSIs and tra�c arrival. The joint-RA problem leverages DT-predicted

information to optimize both long-term RA decisions (i.e., tra�c steering and BW al-

location across services and TN/SatNet systems) and preliminary estimated short-term

RA decisions (i.e., TAP/LSat�UE association, RB assignment, and power control). The

re�nement problem adjusts the TN short-term decisions based on real-time feedback to

align the DT-optimized strategy with current environmental conditions. Both prob-

lems are challenging due to non-convex constraints; notably, the joint-RA problem is

formulated as a mixed-integer non-linear program (MINLP) and relies on predicted

information.

� By leveraging the DT model for predictive information and applying compressed sensing

and successive convex approximation (SCA) techniques, we propose two e�cient solution

methods, named DT-based joint RA and Real-time re�nement algorithms (DT-JointRA

and RT-Re�ne), that address the problems in alignment with the system architecture.

� For practical evaluation, we utilize a realistic 3D map of London, mobility of UEs such

as vehicle UEs extracted from UE route in Google Navigator, and actual data tra�c

datasets. Numerical results demonstrate that our proposed algorithms signi�cantly

outperform greedy and heuristic benchmarks in minimizing queue lengths. Moreover,

with DT-assisted prediction and pre-optimization in DT-JointRA, the RT-Re�ne scheme

achieves fast convergence within a few iterations, highlighting the practical feasibility

and e�ciency of the proposed solutions.

The rest of this chapter is organized as follows. Section 4.2 presents the system model and

problem formulation. Section 4.4 and 4.5 describe the proposed solutions, benchmarks, and

complexity analysis, respectively. Section 4.6 and 4.7 provide numerical results and the con-

clusion.

4.2 5G-NR and Digital Twin System Model

This chapter considers a 5G-NR-based downlink transmission in an ISTN consisting of 𝑁

TAPs and one LSat jointly serving 𝐾 UEs, as depicted in Fig. 4.1. It is assumed that SatNet

employs the FDD strategy to manage downlink (DL) and uplink (UL) transmissions in distinct

RFBs, whereas TN operates under the TDD mechanism for allocating radio resources between
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Figure 4.1: Digital-twin-aided ISTNs.

DL and UL in the same RFB [115]. In this context, we focus on utilizing the RFB, denoted

𝐵𝑊 total = [ 𝑓min, 𝑓max] (Hz), which is assumedly accessible to TN for both DL and UL with

TDD-mode management as well as the SatNet DL transmission.

4.2.1 Services and DT-based Network Management

The system supports three types of UEs, each associated with a speci�c communication

service: (i) Delay-sensitive (D), such as uRLLC, exclusively served by TAPs; (ii) SatCom (S),

provided solely by the LSat; and (iii) Multinet (M) supported by both TAPs and LSat. The

sets of UEs associated with these three services are denoted as KD, KS, and KM, respectively.

The total BW is dynamically divided into three BW parts (BWPs) for these three services.

Each BWP employs a 5G-NR numerology, i.e., 𝜇D, 𝜇M, and 𝜇S, tailored to its respective

latency perspective. Let K = KD ∪ KS ∪ KM, L, S, 𝐿 = |L|, 𝐾D = |KD |, 𝐾S = |KS |, and

𝐾S = |KM | be the sets of all UEs, TAPs, services, and numbers of TAPs and UEs. Hereafter,

we denote APℓ and UE𝑘 the ℓ-th TAP and 𝑘-th UE.

This chapter aims to jointly optimize �long-term decisions�, i.e., tra�c steering from the

core network (CN) to the LSat and TAPs, BW allocation (BWA) between TN and SatNet sys-

tems and across BWPs, as well as �short-term decisions�, i.e., UE association, RB assignment,

and power control. To facilitate such optimization, we assume the availability of a DT model

with the virtual representation of network components to enable the prediction of network

information. The DT model will be presented in Section 4.2.4. The proposed optimization

framework operates over multiple time scales, including cycle, frame, and sub-frame (SF),

which will be detailed later.
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This chapter considers a time window of 𝑁Cy cycles. At the end of each cycle, the DT

model updates its state and provides predicted system-level information of the subsequent

cycle to the central network management system (NMS). Leveraging this foresight, the NMS

performs joint resource management optimization, generating long-term decisions along with

preliminary estimates of short-term ones. This stage is referred to as the �DT-based Joint

RA Stage� . Each cycle is composed of multiple frames, with each frame consisting of 10

sub-frames (SFs). We assume that tra�c rate information for D UEs can be updated at the

SF level [116]. Therefore, �short-term decisions� for the TN can be further re�ned at the SF

granularity by the TN center unit (TCU). This SF-level re-optimization process constitutes

the �RT-Re�ne Stage� .

4.2.2 5G-NR Standard-based Setting

Frame and Sub-frame Setting

According to 5G-NR standard, each frame duration is 10 ms (𝑇TF = 10 ms); hence, duration

of one SF is 1 ms (𝑇SF = 1 ms). Assuming that each cycle 𝑐 contains 𝑁TF frames, the number

of SFs in one cycle is 𝑁SF = 10𝑁TF. Regarding the TDD transmission mode for TN, we

assume that TN uses 𝑁TN,DL
SF

beginning SFs for DL and (10 − 𝑁TN,DL
SF

) ending SFs for UL.
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Numerology Setting

In this chapter, numerologies used in BWPs are set as 𝜇S = 0, 𝜇M = 1 and 𝜇D = 2, re�ecting

the increasing tolerance to delay across the three service types [117, 118]. Based on this, the

RB grid is illustrated in Fig. 4.2.

Time Domain Hereafter, we de�ne the RB duration for service D as a time slot (TS) - the

time unit. Based on that, the time indices RBs of service x 𝑛x can be de�ned as

𝑛D = 𝑡, 𝑛M = ⌈𝑡/2⌉, 𝑛S = ⌈𝑡/4⌉, (4.1)

respectively, where ⌈·⌉ is the ceil function. Furthermore, the RB duration of service x can be

given as 𝑇x = 2−𝜇x ms; hence, there are 𝑁x = 2𝜇x RBs over one sub-channel due to service x in

within a SF. Then, the time indices of cycles (𝑐), frames (𝑚), sub-frames (𝑠) can be counted

based on 𝑁D as 𝑐 = ⌈𝑡/(𝑁D𝑁SF)⌉, 𝑚 = ⌈𝑡/(10𝑁D)⌉, 𝑠 = ⌈𝑡/𝑁D⌉. In addition, the sets of RB

indices in the time domain corresponding to service x within cycle 𝑐, frame 𝑒, and SF 𝑠 can

be de�ned as TCy,𝑐
x ≜ {(𝑐 − 1)𝑁x𝑁SF + 1, . . . , 𝑐𝑁x𝑁SF}, TTF,𝑒

x ≜ {(𝑒 − 1)10𝑁x + 1, . . . , 𝑒10𝑁x},

and T SF,𝑠
x ≜ {(𝑠 − 1)𝑁x + 1, . . . , 𝑠𝑁x}.

Frequency Domain Let 𝐵𝑊x,𝑐 = [ 𝑓min
x,𝑐 , 𝑓

max
x,𝑐 ] be the frequency ranges of BWPs sliced for

service x in cycle 𝑐. For simplicity, we set 𝑓max
D,𝑐 ≤ 𝑓min

M,𝑐 and 𝑓max
M,𝑐 ≤ 𝑓min

S,𝑐 for all 𝑐. Then,

the BW of service x in cycle 𝑐 is given as 𝑊x,𝑐 = 𝑓max
x,𝑐 − 𝑓min

x,𝑐 . The BWPs are divided into

sub-channels (SCs) due to various numerologies. For service x, the RB channel spacing is

given as 𝑤x = 2𝜇x × 180 kHz. Let 𝑊 tot = 𝑓max − 𝑓min (Hz) denote the total BW. Then, the

maximum SC number that can be assigned to the service x is 𝑉x = ⌊𝑊 tot/𝑤x⌋. We further

denote 𝑣x indices of the SCs in BWP x, and Vx ≜ {1, . . . , 𝑉x}, i.e., 𝑣x ∈ Vx. Once, the BWP

of service x is de�ned, the SCs of Vx located in the corresponding frequency range will be

activated for service-x transmission. Hereafter, the RBs in BWP x are identi�ed based on

both time and frequency indices, i.e., [𝑣x, 𝑛x].

Following 5G standard, guard bands (GBs) between BWPs are considered. Here, the

D − M separating GB BW should be half of 𝑤D, i.e., 𝑊G1 = 𝑓min
M,𝑐 − 𝑓max

D,𝑐 = 𝑤D/2, and the

M − S separating GB BW is half of 𝑤M, 𝑊G2 = 𝑓min
S,𝑐 − 𝑓max

M,𝑐 = 𝑤M/2.

Remark 9. Denote 𝑣max
D,𝑐 and 𝑣max

M,𝑐 the maximum indices of activated SCs of service D andM in

cycle 𝑐. With respect to GB, we can obtain 𝑓min
M,𝑐 = 𝑓min+(2𝑣max

D,𝑐 +1)𝑤M = 𝑓min+(4𝑣max
D,𝑐 +2)𝑤S
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and 𝑓min
S,𝑐 = 𝑓min + (2𝑣max

M,𝑐 + 1)𝑤S.

Let 𝒃𝑐≜ {𝑏x𝑣x,𝑐 |∀𝑣x ∈Vx, x∈S} where 𝑏x𝑣x,𝑐 = 1 if SC 𝑣x is activated in cycle 𝑐 and 𝑏x𝑣x,𝑐 = 0

otherwise. Remark 9 yields,

(𝐶1) : 𝑏D𝑣D,𝑐+
∑︁2𝑣D+1

𝑖=1
𝑏M𝑖,𝑐+

∑︁4𝑣D+2

𝑗=1
𝑏s𝑗 ,𝑐 ≤ 1, ∀(𝑣D, 𝑐),

(𝐶2) : 𝑏M𝑣M,𝑐 +
∑︁2𝑣M+1

𝑗=1
𝑏S𝑗 ,𝑐 ≤ 1, ∀(𝑣M, 𝑐).

Additionally, the system BW constraint yields

(𝐶3) :
∑︁

x∈S
∑︁

∀𝑣x∈Vx
𝑏x𝑣x,𝑐𝑤x +𝑊G1 +𝑊G2 ≤ 𝑊 tot, ∀𝑐.

4.2.3 Channel Model

Let ℎ̃
[𝑣x,𝑛x]
ℓ,𝑘

and 𝑔
[𝑣x,𝑛x]
𝑘

be the channel coe�cients of APℓ − UE𝑘 and LSat − UE𝑘 links over

RB[𝑣x,𝑛x], respectively. Omitting [𝑣x, 𝑛x], the channel coe�cients are modeled as

ℎ̃ℓ,𝑘 =
√︁
PLℓ,𝑘

(√
𝜌ℓ,𝑘 ℎ̃

ls
ℓ,𝑘 +

√︁
1 − 𝜌ℓ,𝑘 ℎ̃nlℓ,𝑘

)
, (4.2)

𝑔𝑘 =
√︁
PL0,𝑘

(√
𝜌0,𝑘𝑔

ls
𝑘 +

√︁
1 − 𝜌0,𝑘𝑔nl𝑘

)
, (4.3)

based on the Rician model where 𝜌ℓ,𝑘 = 𝐾ℓ,𝑘/(𝐾ℓ,𝑘 + 1); 𝐾ℓ,𝑘 , PLℓ,𝑘 , ℎ̃ℓ,𝑘 , ℎ̃ℓ,𝑘 , 𝐾0,𝑘 , PL0,𝑘 ,

𝑔ls
𝑘
, and 𝑔nl

𝑘
are the K-factor, path-loss, the corresponding line-of-sight (LoS) and non-line-

of-sight (NLoS) components, respectively. In this work, we assume that TAPs can estimate

perfectly CSIs for their served UEs in each frame thanks to the pilot sent in TN uplink

SFs [119]. The channel gain in cycle 𝑐 and in frame 𝑒 are denoted by {𝒉𝑐, 𝒈𝑐} and {𝒉𝑒, 𝒈𝑒}.
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4.2.4 Digital-Twin Model

The DT system is deployed in NMS to replicate the environment and network components. As

illustrated in Fig. 4.3, the DT model comprises a virtual system and computational function-

alities. The virtual system consists of static components, including environmental features,

TAP positions, and terminal antenna characteristics, as well as dynamic components, such as

UE mobility, tra�c demand, LSat movement, and CSIs. The DT model operation over each

cycle is depicted in Fig. 4.1. Speci�cally, at the end of each cycle, the real mobility and tra�c

information are updated to the DT model. Using this information, computational function-

alities are leveraged to emulate the real system's evolution in the next cycle and re�ect it

in the virtual one. The resulting predictions are then used in resource management for the

subsequent cycle.

Geographical Environment

The DT system integrates 3D maps of the targeted areas. In cell ℓ, the corresponding envi-

ronment in DT system is represented by

ênvℓ = {mapℓ}, ÂPℓ = {Aap
ℓ
, 𝒖ap
ℓ
}, ∀ℓ ∈ L, (4.4)

whereinmapℓ indicates the 3D map of the area in cell 𝑛, Aap
ℓ
and 𝒖ap

ℓ
are the antenna properties

and position of APℓ .

UE Information

Virtual UEk in frame 𝑒 is modeled as

ÛE
D

𝑘,[𝑒] = {Aue
𝑘 , 𝒖̂

ue
𝑘,[𝑒], 𝜆

SF,D
𝑘,[𝑠]

|∀𝑠∈TTF,𝑒
SF

}, ∀𝑘 ∈ KD, (4.4a)

ÛE
x

𝑘,[𝑒] = {Aue
𝑘 , 𝒖̂

ue
𝑘,[𝑒], 𝜆

TF,x
𝑘,[𝑒]

}, ∀𝑘 ∈ Kx, x ∈ {M, S}, (4.4b)

wherein TTF,𝑒
SF

is SF set in frame 𝑒, Aue
𝑘
, 𝒖̂ue

𝑘,[𝑒], 𝜆
TF,x
𝑘,[𝑒]

, and 𝜆
SF,D
𝑘,[𝑠]

are the virtual antenna

properties, position and tra�c rate of UE𝑘 in frame 𝑒 and SF 𝑠, respectively. The UE tra�c

rates will be described in Section 4.3.5. This UE information in the upcoming cycle is obtained

based on prediction techniques and updated information from the real environment.
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LSat Model

The LSat DT at frame 𝑒 is modeled as

Ŝat[𝑒] = {Asat, 𝒖̂sat
[𝑒] ,TLE[𝑒]}, (4.5)

where Asat, 𝒖̂sat
[𝑒] , and TLE[𝑒] are the antenna properties, predicted position, and two-line-

element (TLE) data of LSat in frame 𝑒, respectively. Due to the orbit stability and the

frequent update framework, we assume that the LSat position is predicted with a negligible

error, that is, 𝒖̂sat
[𝑒] ≈ 𝒖sat

[𝑒]
.

Channel Prediction

Employing the RayT tool as in Fig. 4.3, the DT channel model is identi�ed as [52]

chan[𝑒] = RT(ênvℓ , ÂPℓ , Ŝat[𝑒], ÛE𝑘,[𝑒]), (4.6)

where ÛE𝑘,[𝑒] = {ÛE
x

𝑘,[𝑒]}∀x, chan[𝑒] = {ℎ̃ls,[𝑣x,𝑛x]
ℓ,𝑘

, ℎ̄
nl,[𝑣x,𝑛x]
ℓ,𝑘

, PL
[𝑣x,𝑛x]
ℓ,𝑘

, 𝐾
[𝑣x,𝑛x]
ℓ,𝑘

, 𝑔
ls,[𝑣x,𝑛x]
𝑘

, 𝑔
nl,[𝑣x,𝑛x]
𝑘

,PL
[𝑣x,𝑛x]
0,𝑘 , 𝐾

[𝑣x,𝑛x]
0,𝑘 },

with ∀(ℓ, 𝑘),∀𝑛x ∈ TTF,𝑒
x . In virtual environment, ℎ̄

nl,[𝑣x,𝑛x]
ℓ,𝑘

and 𝑔
nl,[𝑣x,𝑛x]
𝑘

are introduced to rep-

resent the NLoS components of DT channels. Those are di�erent with ℎ̃
nl,[𝑣x,𝑛x]
ℓ,𝑘

and 𝑔
nl,[𝑣x,𝑛x]
𝑘

of real system channels, primarily due to the absence of information in the 3D map. The

relationship between real and virtual NLoS components is modeled as

ℎ̃nlℓ,𝑘 =
√︁
𝜉ℎ̄nlℓ,𝑘 +

√︁
(1 − 𝜉)𝛿ℓ,𝑘 , (4.6a)

𝑔nl𝑘 =
√︁
𝜉𝑔nl𝑘 +

√︁
(1 − 𝜉)𝛿0,𝑘 , (4.6b)

where 𝛿ℓ,𝑘 and 𝛿0,𝑘 indicate errors caused by the absence of map information, which are

assumed as complex normal random variables. 𝜉 ∈ (0, 1) is the correlation factor.

4.3 DT-based Optimization Problem Formulation

4.3.1 User Association

Let 𝜶 = [𝛼
[𝑣x,𝑛x]
ℓ,𝑘

] be the binary association variable for x ∈ {D,M} where 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= 1 if APℓ

served UEk over RB[vx,nx] for DL and 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= 0 otherwise. Note that the association with

UEx over SC 𝑣x in BWP x is allowed only if this SC is activated, which is ensured as
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(𝐶4) : 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

≤ 𝑏x𝑣x,𝑐,∀(𝑐, ℓ, 𝑘, [𝑣x, 𝑛x]), x ∈ {D,M}.

In addition, one assumes that each RB of each AP can be assigned to at most one UE, which

yields

(𝐶5) :
∑︁

∀𝑘𝛼
[𝑣x,𝑛x]
ℓ,𝑘

≤ 1, ∀(𝑐, ℓ, [𝑣x, 𝑛x]), x ∈ {D,M}.

While each UED can be served by multiple APs at each TS via di�erent RBs, which is ensured

as

(𝐶6) :
∑︁

∀ℓ𝛼
[𝑣D,𝑛D]
ℓ,𝑘

≤ 1, ∀(𝑐, 𝑘, [𝑣D, 𝑛D]).

For LSat-UE association, we introduce a variable 𝜷 = [𝛽
[𝑣x,𝑛x]
𝑘

] for x ∈ {M, S} where

𝛽
[𝑣x,𝑛x]
𝑘

= 1 if UEk is served by LSat over RB[𝑣x, 𝑛x], 𝛽
[𝑣x,𝑛x]
𝑘

= 0 otherwise. Similar to the

AP-UE association, we have

(𝐶7) : 𝛽
[𝑣x,𝑛x]
𝑘

≤ 𝑏x𝑣x,𝑐,∀(𝑐, 𝑘, [𝑣x, 𝑛x],

(𝐶8) :
∑︁

∀𝑘𝛽
[𝑣x,𝑛x]
𝑘

≤ 1, ∀(𝑐, [𝑣x, 𝑛x]), x ∈ {M, S},

Additionally, we assume that UEs using MS services can be served by both APs and LSat at

the same time via di�erent RBs in BWP M, which yields the constraint

(𝐶9) :
∑︁

∀ℓ𝛼
[𝑣M,𝑛M]
ℓ,𝑘

+ 𝛽
[𝑣M,𝑛M]
𝑘

≤ 1, ∀(𝑐, 𝑘, [𝑣M, 𝑛M]).

4.3.2 Service-D Transmission

Assuming that UED
𝑘 is served by APℓ over RB[𝑣D,𝑛D], the received signal 𝑦

[𝑣D,𝑛D]
𝑘

and its com-

ponents are expressed as

𝑦
D,[𝑣D,𝑛D]
𝑘

= 𝑦
TN,[𝑣D,𝑛D]
𝑘

+ 𝜍
[𝑣D,𝑛D]
𝑘

, (4.7)

where 𝑦
TN,[𝑣x,𝑛x]
𝑘

=
∑

∀(𝑖, 𝑗)

√︃
𝛼
[𝑣x,𝑛x]
𝑖, 𝑗

𝑝
[𝑣x,𝑛x]
𝑖, 𝑗

ℎ̃
[𝑣x,𝑛x]
𝑖,𝑘

𝑥
[𝑣x,𝑛x]
𝑖, 𝑗

; 𝑝
[𝑣x,𝑛x]
ℓ,𝑘

and 𝑥
[𝑣x,𝑛x]
ℓ,𝑘

are the transmit

power and transmission symbol from APℓ to UE𝑘 over RB[𝑣x,𝑛x]. 𝜍
[𝑣x,𝑛x]
𝑘

∼ CN(0, 𝜎2
x,k) is the

AGWN at UE𝑘 . Hence, the SINR of UE𝑘 is expressed as

𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐) =
𝛼
[𝑣D,𝑛D]
ℓ,𝑘

𝑝
[𝑣D,𝑛D]
ℓ,𝑘

ℎ
[𝑣D,𝑛D]
ℓ,𝑘

Ψ
[𝑣D,𝑛D]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐) + 𝜎2
D,𝑘

, (4.8)

where Ψ
[𝑣x,𝑛x]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐) is the ICI power de�ned as
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Ψ
[𝑣x,𝑛x]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐) =
∑︁

∀𝑖 ̸=ℓ,∀ 𝑗𝛼
[𝑣x,𝑛x]
𝑖, 𝑗

𝑝
[𝑣x,𝑛x]
𝑖, 𝑗

ℎ
[𝑣x,𝑛x]
𝑖,𝑘

, (4.9)

with ( 𝒑𝑐,𝜶𝑐) ≜ {(𝑝[𝑣x,𝑛x]
ℓ,𝑘

, 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

)|∀(ℓ,𝑘,[𝑣x,𝑛x]),x∈{D,M}} and ℎ
[𝑣x,𝑛x]
ℓ,𝑘

= | ℎ̃[𝑣x,𝑛x]
ℓ,𝑘

|2. Due to the

delay-sensitive requirement, the short packet framework is used to model the transmission

of D service. Hence, the aggregated achievable rate of UED
𝑘 served by APℓ at SF 𝑠 can be

expressed as [120]

𝑅
SF,D
ℓ,𝑘,[𝑠]

( 𝒑𝑐,𝜶𝑐)=𝑤D


∑︁
∀(𝑣D,𝑛D)

log2 (1+𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐))−
1

ln(2)

𝛼
[𝑣D,𝑛D]
ℓ,𝑘

√︃
𝑉
D,[𝑣D,𝑛D]
ℓ,𝑘

𝑄−1(𝑃𝜖 )√︃∑
∀(𝑣D,𝑛D)𝛼

[𝑣D,𝑛D]
ℓ,𝑘

𝑇d𝑤d

 ,(4.10)
where 𝑉

[𝑣D,𝑛D]
ℓ,𝑘

= 1 − (1 + 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝒑𝑐,𝜶𝑐))
−2, 𝑄−1(·) and 𝑃𝜖 are the channel dispersion, the

inverse of the Q-function, and the error probability. One can see that the channel dispersion

can be approximated as𝑉
[𝑣D,𝑛D]
ℓ,𝑘

≈ 1 for a su�ciently high 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝒑𝑐,𝜶𝑐) ≥ 𝛾D0 with 𝛾D0 ≥ 5 dB

[121]. Regarding this approximation, we consider the following constraint

(𝐶10) : 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝒑𝑐,𝜶𝑐) ≥ 𝛼
[𝑣D,𝑛D]
ℓ,𝑘

𝛾D0 , ∀(ℓ, 𝑘, 𝑣D, 𝑛D).

Subsequently, 𝑅SF,D
ℓ,𝑘,[𝑠]

(𝒑𝑐,𝜶𝑐) can be rewritten as

𝑅
SF,D
ℓ,𝑘,[𝑠]

( 𝒑𝑐,𝜶𝑐) = 𝑤D

∑︁
∀(𝑣D,𝑛D)

log2 (1 + 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

( 𝒑𝑐,𝜶𝑐)) − 𝜒D
√︄ ∑︁

∀(𝑣D,𝑛D)
𝛼
[𝑣D,𝑛D]
ℓ,𝑘

, (4.11)

where 𝜒D =
√
𝑉𝑤D/𝑇D𝑄

−1(𝑃𝜖 )/ln(2) and 𝑉 ≈ 𝑉D,[𝑣D,𝑛D]
ℓ,𝑘

≈ 1.

4.3.3 Service-M Transmission

In this BWP, UEs can be served by APs and the LSat. The received signal 𝑦
M,[𝑣M,𝑛M]
𝑘

at UEM
𝑘

over RB[𝑣M,𝑛M] and its components is expressed as

𝑦
M,[𝑣M,𝑛M]
𝑘

= 𝑦
TN,[𝑣M,𝑛M]
𝑘

+ 𝑦
Sat,M,[𝑣M,𝑛M]
𝑘

+ 𝜍
[𝑣M,𝑛M]
𝑘

, (4.12)

𝑦
Sat,M,[𝑣M,𝑛M]
𝑘

≜
∑︁

∀ 𝑗

√︃
𝛽
[𝑣M,𝑛M]
𝑗

𝑝
[𝑣M,𝑛M]
0, 𝑗 𝑔

[𝑣M,𝑛M]
𝑘

𝑥
[𝑣M,𝑛M]
𝑗

, (4.13)

where 𝑝
[𝑣x,𝑛x]
0,𝑘 is the transmit power from the LSat to UE𝑘 over RB[𝑣x,𝑛x], and 𝑔

[𝑣x,𝑛x]
𝑘

= |𝑔[𝑣x,𝑛x]
𝑘

|2.

For brevity, let's de�ne ( 𝒑0,𝑐, 𝜷𝑐) ≜ {(𝑝[𝑣x,𝑛x]0,𝑘 , 𝛽
[𝑣x,𝑛x]
𝑘

)|∀(𝑘,𝑣x,𝑛x),x∈{M,S}} and 𝑷𝑐 ≜ { 𝒑𝑐, 𝒑0,𝑐}.

Hereafter, argument 𝒑𝑐 in de�ned functions is replaced appropriately by 𝑷𝑐.
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TN-served UEs

Assuming that UEM
𝑘 is served by APℓ , the corresponding SINR is expressed as

𝛾
M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐, 𝜷𝑐) =
𝛼
[𝑣M,𝑛M]
ℓ,𝑘

𝑝
[𝑣M,𝑛M]
ℓ,𝑘

ℎ
[𝑣M,𝑛M]
ℓ,𝑘

Ψ
[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐) + Θ
TN,[𝑣M,𝑛M]
𝑘

(𝑷𝑐, 𝜷𝑐) + 𝜎2
M,𝑘

, (4.14)

where Ψ
[𝑣M,𝑛M]
ℓ,𝑘

is de�ned in (4.9) and Θ
TN,[𝑣M,𝑛M]
𝑘

(𝑷𝑐, 𝜷𝑐) is the inter-system-interference (ISyI)

caused by the LSat to UEM
𝑘 served by TN over RB[𝑣M,𝑛M] which is given as

Θ
TN,[𝑣M,𝑛M]
𝑘

(𝑷𝑐, 𝜷𝑐) =
∑︁

∀ 𝑗 𝛽
[𝑣M,𝑛M]
𝑗

𝑝
[𝑣M,𝑛M]
0, 𝑗 𝑔

[𝑣M,𝑛M]
𝑘

, (4.15)

The corresponding achievable rate over RB[𝑣M,𝑛M] and the aggregated rate at RB time 𝑛M are

expressed as

𝑅
M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐, 𝜷𝑐) = 𝑤M log2

(
1 + 𝛾

M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐, 𝜷𝑐)
)
, (4.15a)

𝑅
M,[𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐, 𝜷𝑐) =
∑︁

∀𝑣M∈VM
𝑅
M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐,𝜶𝑐, 𝜷𝑐). (4.15b)

UE served by SatNet

Assuming that UEM
𝑘 is served by the LSat over RB[𝑣M,𝑛M], the corresponding SINR is given as

𝛾
M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐,𝜶𝑐, 𝜷𝑐) =

𝛽
[𝑣M,𝑛M]
𝑘

𝑝
[𝑣M,𝑛M]
0,𝑘 𝑔

[𝑣M,𝑛M]
𝑘

Θ
Sat,[𝑣M,𝑛M]
𝑘

(𝑷𝑐,𝜶𝑐) + 𝜎2
M,𝑘

, (4.16)

where Θ
Sat,[𝑣M,𝑛M]
𝑘

(𝑷𝑐,𝜶𝑐) is the ISyI caused by TAPs to UEM
𝑘 served by the LSat which is

de�ned as

Θ
Sat,[𝑣M,𝑛M]
𝑘

(𝑷𝑐,𝜶𝑐) =
∑︁

∀(𝑖, 𝑗)𝛼
[𝑣M,𝑛M]
𝑖, 𝑗

𝑝
[𝑣M,𝑛M]
𝑖, 𝑗

ℎ
[𝑣M,𝑛M]
𝑖,𝑘

. (4.17)

Therefore, the achievable rate over RB[𝑣M,𝑛M] and the aggregated rate at RB time 𝑛M of UEM
𝑘

served by the LSat can be respectively expressed as

𝑅
M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐,𝜶𝑐, 𝜷𝑐) = 𝑤M log2

(
1 + 𝛾

M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐,𝜶𝑐, 𝜷𝑐)

)
, (4.17a)

𝑅
M,[𝑛M]
0,𝑘 (𝑷𝑐,𝜶𝑐, 𝜷𝑐) =

∑︁
∀𝑣M∈VM

𝑅
M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐,𝜶𝑐, 𝜷𝑐). (4.17b)

4.3.4 Service-S Transmission

In this BWP, if UES
𝑘 is served by LSat over RB[𝑣S,𝑛S], the corresponding SNR is given by
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Network Management System
TN

CU

GW

Figure 4.4: Tra�c steering model.

𝛾
S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐, 𝜷𝑐) = (𝛽

[𝑣S,𝑛S]
𝑘

𝑝
[𝑣S,𝑛S]
0,𝑘 𝑔

[𝑣S,𝑛S]
𝑘

)/𝜎2
S,𝑘 , (4.18)

Therefore, the achievable rate over RB[𝑣S,𝑛S] and the aggregated rate at RB time 𝑛S of UES
𝑘

can be expressed as

𝑅
S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐, 𝜷𝑐)= 𝑤S log2

(
1 + 𝛾

S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐, 𝜷𝑐)

)
, (4.18a)

𝑅
S,[𝑛S]
0,𝑘 (𝑷𝑐, 𝜷𝑐) =

∑︁
∀𝑣S∈VS

𝑅
S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐, 𝜷𝑐). (4.18b)

Regarding the TAP/LSat power budget, one must satisfy

(𝐶11) :
∑︁

x∈{D,M}

∑︁
∀𝑘

∑︁
∀𝑣x∈Vx

𝑝
[𝑣x,𝑛x]
ℓ,𝑘

≤ 𝑝max
AP,ℓ , ∀(ℓ, 𝑡),

(𝐶12) :
∑︁

x∈{M,S}

∑︁
∀𝑘

∑︁
∀𝑣x∈Vx

𝑝
[𝑣x,𝑛x]
0,𝑘 ≤ 𝑝max

LSat, ∀𝑡.

4.3.5 Tra�c and Queuing Model

Regarding latency tolerance, di�erent time scales are applied to serve UEs associated with

di�erent services. Speci�cally, the arrival data of M and S services are bu�ered and scheduled

for transmission in the following frame, whereas the data stream of D services is processed at

the SF time scale to meet stringent latency requirements. Assuming 𝐾 tra�c �ows arriving

the CN due to 𝐾 UEs. Denote 𝝀TF,M
[𝑒]

= {𝜆TF,M
𝑘,[𝑒]

|∀𝑘∈KM
}, 𝝀TF,S

[𝑒]
= {𝜆TF,S

𝑘,[𝑒]
|∀𝑘∈KS

}, and 𝝀SF,D
[𝑠]

=

{𝜆SF,D
𝑘,[𝑠]

|∀𝑘∈KD
}, where 𝜆TF,M

𝑘,[𝑒]
, 𝜆TF,S

𝑖,[𝑒]
, and 𝜆SF,D

𝑗 ,[𝑠]
are the data arrival rates of UEM

𝑘 , UE
S
𝑖 at frame

𝑒, and of UED
𝑗 at SF 𝑠, respectively. Additionally, the tra�c rates in cycle 𝑐 and frame 𝑒 are

denoted by 𝝀𝑐 and 𝝀𝑒, respectively.

Tra�c Steering

As depicted in Fig. 4.4, at the CN, the D and S tra�c �ows are routed to the TNs and SatNet,

respectively, while M tra�c is split and dynamically steered to both domains. Subsequently,

at the TCU, the D and M �ows are further directed to TAPs due to a TN steering scheduler.

For M-tra�c steering, we introduce variables 𝝎CN,M
𝑐 = [𝜔CN,M

𝑘,𝑐
],∀𝑘 ∈ KM, where 𝜔

CN,M
𝑘,𝑐

∈
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[0, 1] and (1 − 𝜔CN,M
𝑘,𝑐

) are the portions of UEM
𝑘 's tra�c which are steered to TN and SatNet

in cycle 𝑐, respectively. In the TN, let 𝝎x
𝑐 = [𝜔x

ℓ,𝑘,𝑐
],∀(ℓ, 𝑘) ∈ (L ×Kx), x ∈ {D,M} be the TN

steering variables, wherein 𝜔x
ℓ,𝑘,𝑐

∈ [0, 1] indicates the �ow-split portion of service x ∈ {D,M}

from TCU to APℓ in cycle 𝑐. Besides, the integrity of tra�c �ows is ensured by

(𝐶13) :
∑︁
∀ℓ∈L

𝜔x
ℓ,𝑘,𝑐 = 1, ∀(𝑐, 𝑘), x ∈ {D,M}.

Subsequently, the data arrival of D service in SF 𝑠, and that of M and S services in frame 𝑒

at APℓ/LSat corresponding to UEs are respectively expressed as

𝜆
SF,D
ℓ,𝑘,[𝑠]

= 𝜔D
ℓ,𝑘,𝑐𝜆

SF,D
𝑘,[𝑠]

, ∀(ℓ, 𝑘, 𝑠) ∈ L × KD × TCy,𝑐
SF

,∀𝑐 (4.18a)

𝜆
TF,M
ℓ,𝑘,[𝑒]

= 𝜔
CN,M
𝑘,𝑐

𝜔M
ℓ,𝑘,𝑐𝜆

TF,M
𝑘,[𝑒]

, ∀(ℓ, 𝑘, 𝑒) ∈ L × KM × TCy,𝑐
TF

,∀𝑐, (4.18b)

𝜆
TF,M
0,𝑘,[𝑒]

= (1 − 𝜔CN,M
𝑘

)𝜆TF,M
𝑘,[𝑒]

, ∀(𝑘, 𝑒) ∈ KM × TCy,𝑐
TF

,∀𝑐, (4.18c)

𝜆
TF,S
0,𝑘,[𝑒]

= 𝜆
TF,S
𝑘,[𝑒]

, ∀𝑘 ∈ KS,∀𝑒. (4.18d)

where TCy,𝑐
TF

and TCy,𝑐
SF

are frame and SF sets in cycle 𝑐. For D service, the SF time-scale

data-processing requirement is cast by the following constraint,

(𝐶14) : 𝑇D𝑅
SF,D
ℓ,𝑘,[𝑠]

≥ 𝜆SF,D
ℓ,𝑘,[𝑠]

,∀ℓ,∀𝑘 ∈ KD,∀𝑠.

Service queues

Assume that TAPs and LSat are equipped with service-speci�c bu�ers. Each TAP/LSat is

assumed to maintain separate queues for the UE data �ows [116]. Subsequently, let 𝑞
M,[𝑛M]
ℓ,𝑘

,

𝑞
M,[𝑛M]
0,𝑘 , and 𝑞

S,[𝑛S]
0,𝑘 be the queue lengths at APℓ/LSat of �ow 𝑘 of services M, S at each RB

time, the queue length evolution over time is expressed as

𝑞
M,[𝑛M+1]
ℓ,𝑘

=
[
𝑞
M,[𝑛M]
ℓ,𝑘

+ 𝜆
M,[𝑛M]
ℓ,𝑘

− 𝑇M𝑅M,[𝑛M]
ℓ,𝑘

]+
,∀ℓ,∀𝑘 ∈ KM, (4.18a)

𝑞
x,[𝑛x+1]
0,𝑘 =

[
𝑞
x,[𝑛x]
0,𝑘 + 𝜆

x,[𝑛x]
0,𝑘 − 𝑇x𝑅x,[𝑛x]

0,𝑘

]+
,∀𝑘 ∈ Kx,∀x ∈ {M, S}, (4.18b)
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where [·]+ = max{0, ·}; 𝜆M,[𝑛M]
ℓ,𝑘

, 𝜆
M,[𝑛M]
0,𝑘 , and 𝜆

S,[𝑛S]
0,𝑘 are intermediate data arrival notations

with setting


𝜆
M,[𝑛M]
ℓ,𝑘

= 𝜆
TF,M
ℓ,𝑘,[𝑒]

, 𝜆
x,[𝑛x]
0,𝑘 = 𝜆

TF,x
0,𝑘,[𝑒]

if mod(𝑛x, 10𝑁x) = 1,

𝜆
M,[𝑛M]
ℓ,𝑘

= 0, 𝜆
x,[𝑛x]
0,𝑘 = 0 otherwise,

(4.19)

where {𝑛x |mod(𝑛x,10𝑁x)=1} indicates �rst RB time of each frame. To maintain stability, the

total queue length of each service x ∈ {M, S} at APℓ/LSat must satisfy [116]

(𝐶15) : 𝑞
M,[𝑛M]
ℓ

=
∑

∀𝑘∈Km
𝑞
M,[𝑛M]
ℓ,𝑘

≤ 𝑞M,max
ℓ

, ∀(ℓ, 𝑛M),

(𝐶16) : 𝑞
x,[𝑛x]
0 =

∑
∀𝑘∈Kx

𝑞
x,[𝑛x]
0,𝑘 ≤ 𝑞x,max

0 , ∀𝑛x, x ∈ {M, S},

where 𝑞M,max
ℓ

and 𝑞x,max
0 are the maximum queue-length of APℓ and LSat for corresponding

services, respectively. For convenience, let's denote 𝒒TN𝑐 = {𝑞M,[𝑛M]
ℓ,𝑘

|∀ℓ,∀𝑘,∀𝑛M∈TCy,𝑐
M

}, 𝒒Sat𝑐 =

{𝑞x,[𝑛x]0,𝑘 |∀𝑘,∀𝑛x∈TCy,𝑐
x ,∀x∈{M,S}}, and 𝒒𝑐 ≜ {𝒒TN𝑐 , 𝒒Sat𝑐 }.

Remark 10. The arrival data packet of D services is completely served within the next SF,

as ensured by constraint (𝐶14). Hence, the bu�er of D services is cleared after each SF, and

the QL of D services is not considered.

4.3.6 Problem Formulation

Typically, the uneven tra�c demand of services and the ine�cient spectrum utilization may

lead to congestion in systems. Hence, this work aims to minimize the system congestion, i.e.,

the mean system QL, by optimizing the BWA, tra�c split decision, AP-UE and LSat-UE

associations, RB assignment, and power control. As a result, the utility function is the total

average QL per RB time of M and S services at TAPs and LSats in each cycle 𝑐 de�ned as

𝑓obj(𝒒𝑐) =
1

𝑁M𝑁SF

∑︁
∀𝑛M∈TCy,𝑐

M
,∀ℓ
𝑞
M,[𝑛M]
ℓ

+
∑︁

x∈{M,S}

1

𝑁x𝑁SF

∑︁
∀𝑛x∈TCy,𝑐

x

𝑞
x,[𝑛x]
0 . (4.20)

Subsequently, two problems, �DT-JointRA� and �RT-Re�ne�, will be studied. The former

optimizes systems for each cycle 𝑐 and the latter optimizes TN short-term decisions for each

SF, which are solved at the CNC and TCU, respectively.
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DT-JointRA Problem

For cycle 𝑐, we consider

(P0)𝑐 : min
𝒃𝑐 ,𝝎𝑐 ,𝑷𝑐 ,𝜶𝑐 ,𝜷𝑐 ,𝒒𝑐

𝑓obj(𝒒𝑐) s.t. constraints (𝐶1) − (𝐶16),

(𝐶0) : 𝑏x𝑣x,𝑐, 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

, 𝛽
[𝑣x,𝑛x]
𝑘

∈ {0, 1},∀(ℓ, 𝑘, 𝑣x, 𝑛x, 𝑐).

RT-Re�ne Problem

Regarding implementation aspects, problem (P0)𝑐 requires future information {𝒉𝑐, 𝒈𝑐, 𝝀𝑐} in

cycle 𝑐 which is challenging in practice. Assuming that the predicted information {𝒉̂𝑐, 𝒈̂𝑐, 𝝀̂𝑐}

is used instead of {𝒉𝑐, 𝒈𝑐, 𝝀𝑐}, the corresponding solution should be adjusted appropriately

with actual information. Hence, this section formulates the re�nement problem to adjust the

obtained solution at each SF by re-optimizing TN short-term decisions. However, due to the

long propagation distance in SatNet, the channel estimation and RA in SatNet at each SF

are challenging. Hence, the given RA in SatNet can remain unchanged.

Let's call UEs served by TAPs and LSat as TN UEs and SatNet UEs. Assuming that

TAPs only estimate TN UE CSIs, the predicted CSIs of SatNet UEs should be used. For a

given SatCom RA, the channel uncertainty ofM UEs served by LSat leads to errors in the ISyI

power Θ
TN,[𝑣M,𝑛M]
𝑘

and Θ
Sat,[𝑣M,𝑛M]
𝑘

. Hence, we impose the interference margin coe�cient 𝜅 ≥ 1

and use Θ̂
TN,[𝑣M,𝑛M]
𝑘

= 𝜅Θ
TN,[𝑣M,𝑛M]
𝑘

and Θ̂
Sat,[𝑣M,𝑛M]
𝑘

= 𝜅Θ
Sat,[𝑣M,𝑛M]
𝑘

for re�nement problem.

Let 𝒉∗𝑒 be the channel gain matrix in frame 𝑒 where CSIs of TN UEs are actual while those

of SatNet UEs are extracted from 𝒉̂𝑒. Based on channel gains {𝒉∗𝑒, 𝒈̂𝑒} and actual tra�c 𝝀𝑒

in frame 𝑒, for a �xed {𝒃𝑐,𝝎𝑐, 𝒑0,𝑐, 𝜷𝑐}, the re�nement problem for TN short-term decisions

at SF 𝑠 is formulated as

(Prefi
0 )𝑠 : min

𝒑[𝑠],𝜶[𝑠],𝒒[𝑠]
𝑓obj(𝒒[𝑠])

s.t. (𝐶4)𝑠 − (𝐶6)𝑠, (𝐶9)𝑠, (𝐶10)𝑠, (𝐶11)𝑠, (𝐶14)𝑠, (𝐶15)
′
𝑠, (𝐶16)

′
𝑠,

where index 𝑠 used in 𝒙[𝑠] and (𝐶𝑥)𝑠 indicates time index adaptation to SF 𝑠 for variable 𝒙

and constraint (𝐶𝑥), (𝐶15)′ and (𝐶16)′ are the constraint revised from (𝐶15) and (𝐶16) in

which terms Θ̂
TN,[𝑣M,𝑛M]
𝑘

and Θ̂
Sat,[𝑣M,𝑛M]
𝑘

are used instead of Θ
TN,[𝑣M,𝑛M]
𝑘

and Θ
Sat,[𝑣M,𝑛M]
𝑘

in rate

functions, respectively.

Challenges in solving (P0)𝑐 and (Prefi
0 )𝑠: these problems contain the non-convex con-

straints, SINR and rate functions. Especially, problem (P0)𝑐 further consists of both contin-
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Figure 4.5: Developing work�ow.

uous and binary variables. Hence, (Prefi
0 )𝑠 and (P0)𝑐 are non-convex and MINLP problems.

Additionally, the unknown channel and tra�c information in (P0)𝑐 makes it more complicated.

Overall work�ow

Let {𝒙𝑐} and {𝒙𝑐} with 𝒙 ∈ {𝒉, 𝒈, 𝝀, 𝒖ue, 𝒖sat,TLE} be the DT-virtual and real information

vector in cycle 𝑐, the overall work�ow is summarized as

1O Based on the updated UE position 𝒖̂ue
𝑐−1, orbit information TLE𝑐−1, and tra�c 𝝀𝑐−1 in

cycle (𝑐 − 1), the DT model �rst predicts 𝝀̂𝑐, {𝒖̂ue
𝑐 , 𝒖̂

sat
𝑐 }, and then {𝒉̂𝑐, 𝒈̂𝑐} in cycle 𝑐.

2O Based on {𝒉̂𝑐, 𝒈̂𝑐, 𝝀̂𝑐}, problem (P0)𝑐 is solved at the CNC to obtain long-term decisions

and preliminary estimates of short-term ones {𝒃𝑐,𝝎𝑐, 𝑷𝑐,𝜶𝑐, 𝜷𝑐} for cycle 𝑐.

3O For each frame 𝑒 in cycle 𝑐, using channel gain 𝒉∗𝑒, arrival data rate 𝝀𝑒 in the real system,

and given solution {𝒃𝑐,𝝎𝑐, 𝑷𝑐,𝜶𝑐, 𝜷𝑐}, the initial power control, UE association, and

RB assignment { 𝒑𝑐,𝜶𝑐} in the TN, which are outcomes of step 2, are re�ned by solving

problem (Prefi
0 )𝑠 at TCU at each SF 𝑠 in frame 𝑒.

4.4 Proposed Solutions

This section �rst proposes the solution for problem (P0)𝑐. Subsequently, the solution for the

problem (Prefi
0 )𝑠 is proposed to re�ne TN short-term decisions with actual information. The

solution work�ows are summarized in Figs. 4.5 and 4.6.

4.4.1 DT-based Prediction

At the beginning of every cycle, DT model needs the updated UEs position and LSat orbit

information for channel prediction. Assuming that the cycle duration is su�ciently small,

the changes in the movement trend of UEs and velocity are negligible. Hence, with a given

updated movement of route and velocity in cycle (𝑐 − 1), the UE position in cycle 𝑐 can be

estimated by the approach given in [52]. Subsequently, channel components in cycle 𝑐 are
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Algorithm 8 DT-based Prediction

1: Input: Actual information {𝝀𝑐−1, 𝒖ue
𝑐−1,TLE𝑐−1} in cycle (𝑐 − 1).

2: Predict {𝒖̂ue
𝑐 , 𝒖̂

sat
𝑐 } and construct {ÛE[𝑒], Ŝat[𝑒] |∀𝑒 ∈ TCy,𝑐

TF
},

3: Predict {chan𝑐 , 𝝀𝑐 } by (4.6), (4.21).

4: Construct {𝒉̂𝑐 , 𝒈̂𝑐 } by using chanc with 𝜉 = 1.

5: Output: Predicted information {𝒉̂𝑐 , 𝒈̂𝑐 , 𝝀𝑐 }.

identi�ed by (4.6). Based on output chan𝑐 ≜ {chan[𝑒] |∀𝑒 ∈ TCy,𝑐
TF

}, channel gain {𝒉̂𝑐, 𝒈̂𝑐} used

for problem (P0)𝑐 is computed with DT channel coe�cient 𝜉 = 1.

Regarding UE tra�c, one can assume that UEs continue to use speci�c services over a

given time duration. As a result, their tra�c pattern and arrival tra�c remain relatively

stable. Therefore, the arrival data in cycle 𝑐 can be estimated by the average in cycle (𝑐 − 1)

as

𝜆
SF,D
𝑘,[𝑠]

=
1

𝑁SF

∑︁
𝑠′∈TCy,𝑐−1

SF
𝜆
SF,D
𝑘,[𝑠′]

, ∀𝑠 ∈ TCy,𝑐
SF

, (4.20a)

𝜆
TF,x
𝑘,[𝑒]

=
1

𝑁TF

∑︁
𝑒′∈TCy,𝑐−1

TF
𝜆
TF,x
𝑘,[𝑒′]

, ∀𝑒 ∈ TCy,𝑐
TF

, x ∈ {M, S}. (4.20b)

The DT-based prediction mechanism is summarized in Alg. 8.

4.4.2 DT-JointRA Solution

Compressed-Sensing-Based Relaxation

Considering the system model and the optimization problem (P0)𝑐, one can see the relation-

ship between the binary variable {𝜶𝑐, 𝜷𝑐} and the continuous variable 𝑷𝑐 as follows. Consider

RB[𝑣x,𝑛x]:

� If APℓ serves UE𝑘 ⇒ 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= 1, 𝑝
[𝑣x,𝑛x]
ℓ,𝑘

> 0;

if APℓ does not serve UE𝑘 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= 0, 𝑝
[𝑣x,𝑛x]
ℓ,𝑘

= 0.

� If the LSat serves UE𝑘 ⇒ 𝛽
[𝑣x,𝑛x]
𝑘

= 1, 𝑝
[𝑣x,𝑛x]
0,𝑘 > 0;

if the LSat does not serve UE𝑘 𝛽
[𝑣x,𝑛x]
𝑘

= 0, 𝑝
[𝑣x,𝑛x]
0,𝑘 = 0.

Based on this relationship, the binary variables 𝜶𝑐 and 𝜷𝑐 can be respectively represented by

the continuous one 𝑷𝑐 as

𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= ∥𝑝[𝑣x,𝑛x]
ℓ,𝑘

∥0, 𝛽
[𝑣x,𝑛x]
𝑘

= ∥𝑝[𝑣x,𝑛x]0,𝑘 ∥0. (4.21)
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Besides, consider (𝐶4), (𝐶7), one can see that SC 𝑣x is activated in cycle 𝑐, i.e., 𝑏x𝑣x,𝑐 = 1, only

if it is used by at least one TAP/LSat-UE link at any RB time 𝑛x ∈ TCy,𝑐
x , i.e., 𝛼

[𝑣x,𝑛x]
ℓ,𝑘

= 1 or

𝛽
[𝑣x,𝑛x]
𝑘

= 1. Combining (4.21), 𝒃𝑐 is rewritten as

𝑏D𝑣D,𝑐 = ∥
∑︁

∀(ℓ,𝑘),∀𝑛D∈TCy,𝑐
D

𝛼
[𝑣D,𝑛D]
ℓ,𝑘

∥0= ∥𝑝D𝑣D,𝑐∥0, ∀(𝑣D, 𝑐), (4.21a)

𝑏M𝑣M,𝑐 = ∥
∑︁

∀(ℓ,𝑘),∀𝑛M∈TCy,𝑐
M

𝛼
[𝑣M,𝑛M]
ℓ,𝑘

+
∑︁
∀𝑘,∀𝑛M∈TCy,𝑐

M

𝛽
[𝑣M,𝑛M]
𝑘

∥0= ∥𝑃M
𝑣M,𝑐

∥0, ∀(𝑣M, 𝑐), (4.21b)

𝑏S𝑣S,𝑐 = ∥
∑︁

∀𝑘,∀𝑛S∈TCy,𝑐
S

𝛽
[𝑣S,𝑛S]
𝑘

∥0= ∥𝑝S0,𝑣S,𝑐∥0, ∀(𝑣S, 𝑐). (4.21c)

where 𝑃M
𝑣M,𝑐

= 𝑝M𝑣M,𝑐+ 𝑝M0,𝑣M,𝑐
, 𝑝x𝑣x,𝑐 =

∑
∀(ℓ,𝑘),∀𝑛x∈TCy,𝑐

x
𝑝
[𝑣x,𝑛x]
ℓ,𝑘

and 𝑃x
𝑣x,𝑐

=
∑

∀𝑘,∀𝑛x∈TCy,𝑐
x

𝑝
[𝑣x,𝑛x]
0,𝑘 .

Thanks to relationship (4.22), constraints (𝐶4),(𝐶7) can be omitted.

Exploiting (4.21), the binary components can be replaced by the corresponding ℓ0-norm

components. Moreover, the binary variables in the production components and the binary

arguments of SINR/rate functions can be omitted. Speci�cally, 𝑅SF,D
ℓ,𝑘,[𝑠]

(𝑷𝑐,𝜶𝑐) is reformulated

as

𝑅
SF,D
ℓ,𝑘,[𝑠]

(𝑷𝑐) = 𝑤D

∑︁
∀(𝑣D,𝑛D)

log2 (1 + 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐)) − 𝜒D
√︄ ∑︁

∀(𝑣D,𝑛D)
∥𝑝[𝑣D,𝑛D]
ℓ,𝑘

∥0, (4.22)

Subsequently, the ℓ0-norm component ∥𝑥∥0,∀𝑥 ≥ 0, can be approximated by concave func-

tion Fapx(𝑥) ≜ 1−𝑒−𝑥/𝜖 , 0 < 𝜖 ≪ 1, as ∥𝑥∥0≈ Fapx(𝑥). Let F (𝑖)
apx(𝑥) be an upper bound of Fapx(𝑥)

at feasible point (𝑥(𝑖)), the ℓ0-norm components in (4.21) and (4.22) can be approximated at

iteration 𝑖 as

∥𝜏∥0≈ Fapx(𝜏) ≤ F (𝑖)
apx(𝜏), 𝜏 ∈ {𝑝[𝑣x,𝑛x]

ℓ,𝑘
, 𝑝

[𝑣x,𝑛x]
0,𝑘 , 𝑝x𝑣x,𝑐, 𝑝

x
0,𝑣x,𝑐

, 𝑃x
𝑣x,𝑐

}, (4.23)

where upper bound F (𝑖)
apx(𝑥) can be obtained based on [52] as

Fapx(𝑥) ≤ F (𝑖)
apx(𝑥) ≜ 1/𝜖 exp(−𝑥(𝑖)/𝜖)(𝑥 − 𝑥(𝑖) − 𝜖) + 1 (4.24)

Utilize (4.21), (4.22), and (4.23), by replacing binary component 𝑏x𝑣x,𝑐, 𝛼
[𝑣x,𝑛x]
ℓ,𝑘

, and 𝛽
[𝑣x,𝑛x]
𝑘

by

the corresponding approximated terms F (𝑖)
apx(·) at iteration 𝑖, constraints (𝐶1)−(𝐶3), (𝐶5), (𝐶6), (𝐶8)−

(𝐶9) are directly transformed into convex ones and (𝐶10) is approximated by a non-convex
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constraint as

(𝐶1) : F (𝑖)
apx(𝑝

D
𝑣D,𝑐

) +
2𝑣D+1∑︁
𝑖=1

F (𝑖)
apx(𝑝

M
𝑖,𝑐 + 𝑃M

𝑖,𝑐) +
4𝑣D+2∑︁
𝑗=1

F (𝑖)
apx(𝑃

S
𝑗 ,𝑐) ≤ 1, ∀(𝑣D, 𝑐),

(𝐶2) : F (𝑖)
apx(𝑝

M
𝑓 ,𝑐 + 𝑃M

𝑓 ,𝑐) +

𝑄̄M
S
( 𝑓+0.5)∑︁
𝑗=1

F (𝑖)
apx(𝑃

S
𝑗 ,𝑐) ≤ 1, ∀(𝑣M, 𝑐),

(𝐶3) : 𝑤D

∑︁
∀ 𝑓 ∈VD

F (𝑖)
apx(𝑝

D
𝑓 ,𝑐) + 𝑤M

∑︁
∀ 𝑓 ∈VM

F (𝑖)
apx(𝑝

M
𝑓 ,𝑐 + 𝑃M

𝑓 ,𝑐)

+𝑤S

∑︁
∀ 𝑓 ∈VS

F (𝑖)
apx(𝑃

S
𝑓 ,𝑐) + 𝐵G1 + 𝐵G2 ≤ 𝐵, ∀𝑐,

(𝐶5) :
∑︁
∀𝑘

F (𝑖)
apx(𝑝

[𝑣x,𝑛x]
ℓ,𝑘

) ≤ 1, ∀ℓ,∀(𝑣x, 𝑛x) ∈ Bx
𝑐 , x ∈ {D,M},

(𝐶6) :
∑︁
∀ℓ

F (𝑖)
apx(𝑝

[𝑣D,𝑛D]
ℓ,𝑘

) ≤ 1, ∀𝑘 ∈ KD,∀(𝑣D, 𝑛D) ∈ BD
𝑐 ,

(𝐶8) :
∑︁
∀𝑘

F (𝑖)
apx(𝑝

[𝑣x,𝑛x]
0,𝑘 ) ≤ 1, ∀(𝑣x, 𝑛x) ∈ Bx

𝑐 , x ∈ {M, S},

(𝐶9) :
∑︁
∀ℓ

F (𝑖)
apx(𝑝

[𝑣M,𝑛M]
ℓ,𝑘

) + F (𝑖)
apx(𝑝

[𝑣M,𝑛M]
0,𝑘 ) ≤ 1,∀𝑘 ∈ KM,∀(𝑣M, 𝑛M) ∈ BM

𝑐 ,

(𝐶10) : 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐) ≥ F (𝑖)
apx(𝑝

[𝑣D,𝑛D]
ℓ,𝑘

)𝛾D0 , ∀(ℓ, 𝑘, 𝑣D, 𝑛D).

Transform Tra�c and Queue Constraints

(𝐶14)−(𝐶16) are non-convex due to non-convex rate functions, coupling between tra�c steer-

ing variables, and queue length dependency. First, we introduce variable 𝝎̄ = {𝜔̄x
ℓ,𝑘,𝑐

|∀(ℓ, 𝑘, 𝑐, x)}

and use it instead of 𝜔CN,M
𝑘,𝑐

and 𝜔x
ℓ,𝑘,𝑐

with the relationship

𝜔̄D
ℓ,𝑘,𝑐 = 𝜔D

ℓ,𝑘,𝑐 and 𝜔̄M
ℓ,𝑘,𝑐 = 𝜔

CN,M
𝑘,𝑐

𝜔M
ℓ,𝑘,𝑐, (4.25)

Hence, constraint (𝐶13) is rewritten for the DS service as

(𝐶13) :
∑︁
∀ℓ∈L

𝜔̄D
ℓ,𝑘,𝑐 = 1,∀𝑘 ∈ KD,∀𝑐.

The tra�c arrival rates (4.18a)-(4.18c) are rewritten as

𝜆
SF,D
ℓ,𝑘,[𝑠]

= 𝜔̄D
ℓ,𝑘,𝑐𝜆

SF,D
𝑘,[𝑠]

, ∀ℓ,∀𝑘 ∈ KD,∀𝑠 ∈ TCy,𝑐
SF

,∀𝑐, (4.25a)

𝜆
TF,M
ℓ,𝑘,[𝑒]

= 𝜔̄M
ℓ,𝑘,𝑐𝜆

TF,M
𝑘,[𝑒]

, ∀ℓ,∀𝑘 ∈ KM, 𝑒 ∈ TCy,𝑐
TF

,∀𝑐, (4.25b)

𝜆
TF,M
0,𝑘,[𝑒]

= (1 −
∑︁
∀ℓ
𝜔̄M
ℓ,𝑘,𝑐)𝜆

TF,M
𝑘,[𝑒]

, ∀𝑘 ∈ KM,∀𝑒 ∈ TCy,𝑐
TF

,∀𝑐. (4.25c)
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Remark 11. The integrity of MS tra�c is ensured thanks to representation (4.25), (4.26).

Particularly, based on (4.25), (4.18c) is rewritten by (4.25c) due to
∑

∀ℓ 𝜔̄
M
ℓ,𝑘,𝑐

= 𝜔
CN,M
𝑘,𝑐

. Since∑
∀ℓ 𝜆

TF,M
ℓ,𝑘,[𝑒]

+ 𝜆
TF,M
0,𝑘,[𝑒]

= 𝜆
TF,M
𝑘,[𝑒]

, the integrity is ensured.

Subsequently, we introduce slack variables 𝒒𝑐 = {𝑞x,[𝑛x]
ℓ,𝑘

, 𝑞
x,[𝑛x]
0,𝑘 |∀(ℓ, 𝑘), ∀𝑛x ∈ TCy,𝑐

x ,∀x ∈

{M, S}} as the queue length upper bound and 𝒓𝑐 = {𝑟x,[𝑣x,𝑛x]
ℓ,𝑘

, 𝑟
x,[𝑣x,𝑛x]
0,𝑘 , 𝑟

SF,D
ℓ,𝑘,[𝑠]

|∀(ℓ, 𝑘, 𝑠, 𝑣x, 𝑛x),∀x ∈

S} as the rate's lower bound; and transform (4.19) and (𝐶14) − (𝐶16) as

(𝐶14) : 𝑇D𝑟
SF,D
ℓ,𝑘,[𝑠]

≥ 𝜆SF,D
ℓ,𝑘,[𝑠]

,∀ℓ,∀𝑘 ∈ Kd,∀𝑠,

(𝐶15𝑎) : 𝑞
M,[𝑛M]
ℓ,𝑘

+ 𝜆
m,[𝑛M]
ℓ,𝑘

− 𝑇M𝑟M,[𝑛M]
ℓ,𝑘

≤ 𝑞M,[𝑛M+1]
ℓ,𝑘

,∀(ℓ, 𝑘, 𝑛M),

(𝐶15𝑏) : 0 ≤ 𝑞M,[𝑛M]
ℓ,𝑘

,
∑︁

∀𝑘∈KM
𝑞
M,[𝑛M]
ℓ,𝑘

≤ 𝑞M,max
ℓ

,∀(ℓ, 𝑛M),

(𝐶16𝑎) : 𝑞
x,[𝑛x]
0,𝑘 + 𝜆

x,[𝑛x]
0,𝑘 − 𝑇x𝑟x,[𝑛x]0,𝑘 ≤ 𝑞x,[𝑛x+1]

0,𝑘 ,∀(𝑘, 𝑛x),∀x ∈ {M, S},

(𝐶16𝑏) : 0 ≤ 𝑞x,[𝑛x]0,𝑘 ,
∑︁

∀𝑘∈Kx
𝑞
x,[𝑛x]
0,𝑘 ≤ 𝑞x,max

0 , ∀𝑛x,∀x ∈ {M, S},

where 𝑟
M,[𝑛M]
ℓ,𝑘

=
∑

∀𝑣M 𝑟
M,[𝑣M,𝑛M]
ℓ,𝑘

, 𝑟
x,[𝑛x]
0,𝑘 =

∑
∀𝑣x 𝑟

x,[𝑣x,𝑛x]
0,𝑘 while 𝑟

M,[𝑣M,𝑛M]
ℓ,𝑘

, 𝑟SF,D
ℓ,𝑘,[𝑠]

, and 𝑟
x,[𝑣x,𝑛x]
0,𝑘

satisfy constraints

(𝐶17.1) : 𝑅
M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐) ≥ 𝑟M,[𝑣M,𝑛M]
ℓ,𝑘

, ∀(ℓ, 𝑣M, 𝑛M),∀𝑘 ∈ KM,

(𝐶17.2) : 𝑅SF,D
ℓ,𝑘,[𝑠]

(𝑷𝑐) ≥ 𝑟SF,Dℓ,𝑘,[𝑠]
, ∀ℓ,∀𝑘 ∈ KD,∀𝑠,

(𝐶18) : 𝑟
x,[𝑣x,𝑛x]
0,𝑘 (𝑷𝑐) ≥ 𝑟x,[𝑣x,𝑛x]0,𝑘 , ∀𝑘 ∈ Kx,∀(𝑣x, 𝑛x),∀x ∈ {M, S},

Therefore, problem (P0)𝑐 can be rewritten as

(P1)𝑐 : min
𝝎̄𝑐 ,𝑷𝑐 ,𝒒𝑐 ,𝒓𝑐

𝑓obj(𝒒𝑐) s.t. (𝐶1) − (𝐶3), (𝐶5), (𝐶6), (𝐶8), (𝐶9),

(𝐶10), (𝐶11), (𝐶12), (𝐶14) − (𝐶16), (𝐶17), (𝐶18).

Obviously, problem (P1) is still non-convex due to the non-convexity of SINR and rate con-

straints (𝐶10), (𝐶17), (𝐶18).

Convexify SINR and Rate Constraints

These constraints can be convexi�ed by the following propositions.



124 Chapter 4

Proposition 10. Constraints (𝐶17.1), (𝐶18) are convexi�ed as

(𝐶17𝑎) : 𝑤M𝐹
R,M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐, 𝜼𝑐) ≥ 𝑟
M,[𝑣M,𝑛M]
ℓ,𝑘

,

(𝐶17𝑏) : Ψ
[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐) + Θ
TN,[𝑣M,𝑛M]
𝑘

(𝑷𝑐) + 𝜎2
M,𝑘 ≤ 𝐹

(𝑖)
exp(𝜂

[𝑣M,𝑛M]
ℓ,𝑘

),

(𝐶18𝑎) : 𝑤M𝐹
R,M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐, 𝜼𝑐) ≥ 𝑟

M,[𝑣M,𝑛M]
0,𝑘 ,

(𝐶18𝑏) : Θ
Sat,M,[𝑣M,𝑛M]
𝑘

(𝑷𝑐) + 𝜎2
M,𝑘 ≤ F (𝑖)

exp(𝜂
[𝑣M,𝑛M]
0,𝑘 ),

(𝐶18𝑐) : 𝑅
S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐) ≥ 𝑅S,[𝑣S,𝑛S]

0,𝑘 ,

with F (𝑖)
exp(𝑢) ≜ exp(𝑢(𝑖))(𝑢 − 𝑢(𝑖) + 1), and

𝐹
R,M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐, 𝜼𝑐) ≜ log2(𝑝
[𝑣M,𝑛M]
ℓ,𝑘

ℎ
[𝑣M,𝑛M]
ℓ,𝑘

+Ψ
M,[𝑣M,𝑛M]
ℓ,𝑘

(𝑷𝑐) + Θ
TN,[𝑣M,𝑛M]
𝑘

(𝑷𝑐) + 𝜎2
M,𝑘) − 𝜂

[𝑣M,𝑛M]
ℓ,𝑘

/ln(2), (4.26)

𝐹
R,M,[𝑣M,𝑛M]
0,𝑘 (𝑷𝑐, 𝜼𝑐) ≜ log2 (𝑝

[𝑣M,𝑛M]
0,𝑘 𝑔

[𝑣M,𝑛M]
𝑘

+Θ
Sat,[𝑣M,𝑛M]
𝑘

(𝑷𝑐) + 𝜎2
M,𝑘) − 𝜂

[𝑣M,𝑛M]
0,𝑘 /ln(2),(4.27)

and 𝜼𝑐 = {𝜂[𝑣M,𝑛M]
0,𝑘 , 𝜂

[𝑣x,𝑛x]
ℓ,𝑘

|∀(ℓ, 𝑘, 𝑣x, 𝑛x), x ∈ {D,M}} is a slack variable.

Proof: Consider function 𝑓r(𝑥, 𝑦) = log2(1+
𝑥
𝑦+𝑎 ), 𝑥, 𝑦 ≥ 0, 𝑎 > 0 which has the form of

the rate function, constraint 𝑓r(𝑥, 𝑦) ≥ 𝑧, 𝑧 ≥ 0 is approximated as [31]


log2(𝑥 + 𝑦 + 𝑎) ≥ 𝑧 + 𝑢/ln(2),

𝑦 + 𝑎 ≤ 𝑓
(𝑖)
exp(𝑢) ≜ exp(𝑢(𝑖))(𝑢 − 𝑢(𝑖) + 1),

(4.28)

where 𝑢 and 𝑢(𝑖) are the slack variable and its feasible point at iteration 𝑖, respectively. Apply

approximation in (4.28) to log component in rate functions 𝑅
M,[𝑣M,𝑛M]
ℓ,𝑘

and 𝑅
M,[𝑣M,𝑛M]
0,𝑘 with

setting 𝑥, 𝑦, 𝑎, and 𝑢 by the desired received power, the total interference terms, noise power,

and the corresponding 𝜂, constraints (𝐶17.1) and (𝐶18) are convexi�ed by (𝐶17𝑎), (𝐶17𝑏)

and (𝐶18), respectively. Speci�cally, 𝑅
S,[𝑣S,𝑛S]
0,𝑘 (𝑷𝑐) is concave, hence, constraint (𝐶20𝑐) is

convex.

The SINR constraint (𝐶11) and rate constraint (𝐶17.2) for DS services can be convexi�ed

by the following proposition.

Proposition 11. Constraint (𝐶10) can be convexi�ed as

(𝐶10𝑎) : 𝐹
R,D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐, 𝜼𝑐) ≥ F (𝑖)
apx(𝑝

[𝑣D,𝑛D]
ℓ,𝑘

) log2(1 + 𝛾D0 ),
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(𝐶10𝑏) : Ψ
[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐) + 𝜎2
D,𝑘 ≤ F (𝑖)

exp(𝜂
[𝑣D,𝑛D]
ℓ,𝑘

),

with 𝐹
R,D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐, 𝜼𝑐) = log2 (𝑝
[𝑣D,𝑛D]
ℓ,𝑘

ℎ
[𝑣D,𝑛D]
ℓ,𝑘

+Ψ
[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐) + 𝜎2
D,𝑘

) − 𝜂[𝑣D,𝑛D]
ℓ,𝑘

/ln(2).

Proof: Constraint (𝐶10) is equivalently transformed as

log2(1 + 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐)) ≥ F (𝑖)
apx(𝑝

D,[𝑣D,𝑛D]
ℓ,𝑘

) log2(1 + 𝛾D0 ), ∀(ℓ, 𝑘, 𝑣D, 𝑛D). (4.29)

Apply approximation (4.28) to the log component by setting 𝑥 = 𝑝
[𝑣D,𝑛D]
ℓ,𝑘

ℎ
[𝑣D,𝑛D]
ℓ,𝑘

, 𝑦 = Ψ
[𝑣D,𝑛D]
ℓ,𝑘

,

𝑎 = 𝜎2
D,𝑘 , and 𝑢 = 𝜂

[𝑣D,𝑛D]
ℓ,𝑘

, we obtain convex constraint (𝐶10𝑎) and (𝐶10𝑏).

Proposition 12. Constraint (𝐶17.2) can be convexi�ed as

(𝐶17𝑐) : 𝑤D

∑︁
∀(𝑣D,𝑛D)

𝐹
R,D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐, 𝜼𝑐) − 𝜒DF
(𝑖)
sqrt(𝜁ℓ,𝑘,[𝑠]) ≥ 𝑟

SF,D
ℓ,𝑘,[𝑠]

,

(𝐶17𝑑) : 𝜁ℓ,𝑘,[𝑠] ≥
∑︁

∀(𝑣x,𝑛x)F
(𝑖)
apx(𝑝

[𝑣D,𝑛D]
ℓ,𝑘

),

where F (𝑖)
sqrt(𝑥) ≜

𝑥

2
√
𝑥(𝑖)

+
√
𝑥(𝑖)

2 and 𝜻 𝑐 ≜ {𝜁ℓ,𝑘,[𝑠] |∀ℓ,∀𝑘 ∈ KD,∀𝑠 ∈ TCy,𝑐
SF

} is a slack variable.

Proof: Let 𝜁ℓ,𝑘,[𝑠] be the upper bound of the RB number allocated to APℓ − UED
𝑘 link

in SF 𝑠, constraint (𝐶17.2) is rewritten as

𝑤D

∑︁
∀(𝑣D,𝑛D)

log2 (1 + 𝛾
D,[𝑣D,𝑛D]
ℓ,𝑘

(𝑷𝑐)) − 𝜒D
√︃
𝜁ℓ,𝑘,[𝑠]≥ 𝑟SF,Dℓ,𝑘,[𝑠]

, (4.29a)∑︁
∀(𝑣D,𝑛D)

∥𝑝[𝑣D,𝑛D]
ℓ,𝑘

∥0≤ 𝜁ℓ,𝑘,[𝑠]. (4.29b)

Apply approximation (4.23) to ℓ0-norm components, (4.29b) is convexi�ed as (𝐶17𝑑). In

(4.29a), the log component can be convexi�ed as in proposition 12 while the square root com-

ponent is convexi�ed as follows. Apply SCA technique, function Fsqrt(𝑥) =
√
𝑥 is approximated

at iteration 𝑖 as

Fsqrt(𝑥) ≤
𝑥

2
√
𝑥(𝑖)

+

√
𝑥(𝑖)

/
2 := F (𝑖)

sqrt(𝑥). (4.30)

Use approximation (4.30) for sqrt term in (4.29a), we obtain the convex form as (𝐶17𝑐).

Thanks to proposition 10, 11, and 12 problem (P1)𝑐 is transformed into the iterative

convex problem (P2)𝑐 as

(P2)𝑐 : min
𝝎𝑐 ,𝑷𝑐 ,𝒒𝑐 ,𝒓𝑐 ,𝜼𝑐 ,𝜻𝑐

𝑓obj(𝒒𝑐)
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s.t. (𝐶1) − (𝐶3), (𝐶5), (𝐶6), (𝐶8) − (𝐶10), (𝐶11), (𝐶12), (𝐶13) − (𝐶18),

Using outcome of solving (P2)𝑐, 𝜶𝑐 and 𝜷𝑐 are recovered as

𝛼
[𝑣x,𝑛x]
ℓ,𝑘

= 1 if 𝑝
[𝑣x,𝑛x]
ℓ,𝑘

≥ 𝜖 ; 𝛼[𝑣x,𝑛x]
ℓ,𝑘

= 0 otherwise, (4.30a)

𝛽
[𝑣x,𝑛x]
𝑘

= 1 if 𝑝
[𝑣x,𝑛x]
0,𝑘 ≥ 𝜖 ; 𝛽[𝑣x,𝑛x]

𝑘
= 0 otherwise. (4.30b)

The BWA variable 𝒃𝑐 is recovered by (4.22). The proposed solution �DT-JointRA� to solve

problem (P0)𝑐 using predicted information {𝒉̂𝑐, 𝒈̂𝑐, 𝝀̂𝑐} is summarized in Alg. 9.

Proposition 13. Alg. 9 is guaranteed to converge to a local optimal solution of problem (P0)𝑐.

Proof: Let Ω = (𝝎𝑐, 𝑷𝑐, 𝒒𝑐, 𝒓𝑐, 𝜼𝑐, 𝜻 𝑐), Ω
(𝑖)
𝑐 , Ω

★(𝑖)
𝑐 , F (𝑖)

𝑐 , and 𝐹
(i)
𝑐 be the variable tuple,

feasible point, optimal solution, feasible set, and optimal objective value of (P2)𝑐 at point

Ω
(𝑖)
𝑐 at iteration 𝑖. Since (P2)𝑐 is derived by using the SCA technique [103], the following

properties hold. Ω
★(𝑖)
𝑐 ∈ F (𝑖) ∩ F (𝑖+1), leading to 𝐹

(𝑖+1)
𝑐 ≤ 𝐹

(𝑖)
𝑐 . Hence, by iteratively solve

(P2)𝑐 in Alg. 9, the generated objective value sequence is non-increasing. Additionally, since

the transmit power is limited by (𝐶11), (𝐶12), convergence of Alg. 9 is ensured. Subsequently,

with recovered binary variable {𝒃𝑐,𝜶𝑐, 𝜷𝑐}, the feasible set of (P2)𝑐 is a subset of that of (P0)𝑐.

Hence, Alg. 9 converges to a local optimal solution of (P0)𝑐.

4.4.3 RT-Re�ne Solution

Problems (Prefi
0 )𝑠 and (P0)𝑐 share a similar structure with certain omitted constraints and

variables in (Prefi
0 )𝑠. Hence, by using approximation steps for (P0)𝑐, (Prefi

0 )𝑠 is transformed

into iterative convex problem (Prefi
1 )𝑠 as

(Prefi
1 )𝑠 : min

𝒑[𝑠],𝒓 [𝑠],𝜼[𝑠],𝒒[𝑠]
𝑓obj(𝒒[𝑠])

s.t. (𝐶5)𝑠, (𝐶6)𝑠, (𝐶9)𝑠, (𝐶10)𝑠, (𝐶11)𝑠,

(𝐶14)𝑠, (𝐶15)𝑠, (𝐶16)𝑠, (𝐶17)
′
𝑠, (𝐶18𝑎)

′
𝑠, (𝐶18𝑏)

′
𝑠,

where (𝐶17)′, (𝐶18𝑎)′, and (𝐶18𝑏)′ are the convex constraint revised from (𝐶17), (𝐶18𝑎),

and (𝐶18𝑏) using terms Θ̂
TN,[𝑣M,𝑛M]
𝑘

and Θ̂
Sat,[𝑣M,𝑛M]
𝑘

instead of Θ
TN,[𝑣M,𝑛M]
𝑘

and Θ
Sat,[𝑣M,𝑛M]
𝑘

,

respectively. It is worth noting that information {𝒉∗𝑒, 𝒈̂𝑒, 𝝀𝑒} is used to solve (Prefi
1 )𝑠. The

overall solution of RT-Re�ne Algorithm, is described in Alg. 10, with the work�ow illustrated
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Outer loop for each cycle c (Alg. 10)
cycle c

Frame e
Loop for each frame e in cycle c

Phase 2

SF s
Loop for each sub-frame s in frame e

Convex

problem

for SF s

Iteratively
solve

channel
estimation

extract

Real-world system

Figure 4.6: Flowchart of the proposed DT-based algorithm.

TAPs TN-CU LSat NMS

Predict information

Solve problem

Update from UE Update orbit information

Send                 to LSat

Send

Estimate
UE channel

Solve

Send

Forward

Loop for each
frame e

Loop for each
sub-frame s

Figure 4.7: Data exchange in DT-based algorithm.

in Fig. 4.6.

Proposition 14. Alg. 10 converges to a local optimal solution of problem sequence {(Prefi
0 )𝑠}∀𝑠.

Proof: In each loop for cycle 𝑐, Alg. 10 solves (P2)𝑐 and (Prefi
1 )𝑠 in phase 1 and 2,

respectively. While convergence properties of solving (P2)𝑐 is guarantee in proposition 13,

similarly, solving (Prefi
1 )𝑠 in steps 10 − 12 is guaranteed to converge since (Prefi

1 )𝑠 is a SCA-

based problem [103]. Besides, for each loop of SF 𝑠 in steps 8−16, the feasible set of (Prefi
1 )𝑠 is

a subset of that of corresponding (Prefi
0 )𝑠. Hence, Alg. 10 converges to a local optimal solution

of {(Prefi
0 )𝑠}∀𝑠.

4.4.4 RT-Re�ne Algorithm Implementation

Regarding implementation, Fig. 4.7 shows execution steps and data exchange among TAPs,

TCU, LSat, and NMS in the DT-based algorithm. The procedure is summarized as

� At each cycle, TAPs and LSat send the updated UE movement and orbit information

to NMS. Based on which, the necessary information is predicted and Alg. 9 is executed

to solve (P2)𝑐 for upcoming cycle 𝑐.

� Once (P2)𝑐 is solved, all outcomes are sent to TCU for the next phase, while only power
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Algorithm 9 DT-based Joint-RA Algorithm (DT-JointRA)

1: Input: Predicted {𝒉̂𝑐 , 𝒈̂𝑐 , 𝝀𝑐 } from DT.

2: Set 𝑖 = 1 and generate an initial point (𝑷
(0)
𝑐 , 𝑷

(0)
𝑐 , 𝜼

(0)
𝑐 , 𝜻

(0)
𝑐 ).

3: repeat
4: Solve problem (P2)𝑐 to obtain (𝑷★

𝑐 , 𝜼
★
𝑐 , 𝜻

★
𝑐 ).

5: Update (𝑷
(𝑖)
𝑐 , 𝜼

(𝑖)
𝑐 , 𝜻

(𝑖)
𝑐 ) = (𝑷★

𝑐 , 𝜼
★
𝑐 , 𝜻

★
𝑐 ) and 𝑖 := 𝑖 + 1.

6: until Convergence
7: Recovery 𝝎★

𝑐 and binary solutions 𝒃★𝑐 , 𝜶
★
𝑐 , and 𝜷★𝑐 by (4.25), (4.22), and (4.31).

8: Output: Solution {𝒃★𝑐 ,𝝎★
𝑐 , 𝑷

★
𝑐 , 𝑷

★
𝑐 , 𝜶

★
𝑐 , 𝜷

★
𝑐 , 𝜼

★
𝑐 } for cycle 𝑐.

Algorithm 10 Real-time-Refine Algorithm (RT-Refine)

1: Initialize: Actual information {𝝀0, 𝒖ue
0 ,TLE0} in cycle 0.

2: for Each cycle 𝑐, 𝑐 = 1 → 𝑁Cy do

3: Phase 0: Predict {𝒉̂𝑐 , 𝒈̂𝑐 , 𝝀𝑐 } by Alg. 8.
4: Phase 1: Execute Alg. 9 for solution {𝒃★𝑐 ,𝝎★

𝑐 , 𝑷
★
𝑐 , 𝜶

★
𝑐 , 𝜷

★
𝑐 , 𝜼

★
𝑐 } for cycle 𝑐..

5: Phase 2: Re-optimize using 𝒉∗
𝑒 ,𝒈̂𝑒 ,𝝀𝑒 and initial point from output in step 4.

6: for Each frame 𝑒 in cycle 𝑐 do
7: Collect {𝝀TF,x𝑒 }, x ∈ {M, S}. Estimate channel of TN UEs and build 𝒉∗

𝑒.
8: for Each SF 𝑠 in frame 𝑒 do
9: Collect 𝝀SF,D𝑠 , set i=0 and extract initial point from solution in step 4.
10: repeat

11: Solve problem (Prefi
1 )𝑠 to obtain (𝒑★[𝑠], 𝜼★[𝑠]).

12: Update (𝒑(𝑖)[𝑠], 𝜼(𝑖)[𝑠]) = (𝒑★[𝑠], 𝜼★[𝑠]) and 𝑖 := 𝑖 + 1.
13: until Convergence
14: Recover binary variable 𝜶★[𝑠] by (4.31).
15: Output SF 𝑠: The adjusted solution (𝒑★[𝑠], 𝜶★[𝑠]).
16: end for

17: end for

18: Output cycle 𝑐: Solution {𝒃★𝑐 ,𝝎★
𝑐 , 𝑷

★
𝑐 , 𝑷

★
𝑐 , 𝜶

★
𝑐 , 𝜷

★
𝑐 } with adjusted (𝑷★

𝑐 , 𝜶
★
𝑐 ).

19: end for

20: Output: Solution for 𝑁cy cycles.

control and UE/RB assignment solutions for LSat-UE links are sent to LSat.

� For the given solution sent from NMS, TCU re-optimizes TN short-term decision each

SF 𝑠. Subsequently, solutions are sent to TAPs.

One can see that, at each cycle, there is only one round-trip communication between LSat

and ground segments, i.e., LSat updates orbit information and then NMS sends transmission

solutions. Additionally, depending on the stability and accuracy of orbit information (TLE

data), LSat can update less frequently, which further reduces costly signaling. The complexity

aspect is further discussed in the following section.

4.5 Benchmarks and Complexity Analysis

4.5.1 Greedy Algorithm

TheGreedy Algorithm is summarized in Alg. 11. The number of used DS SCs is �xed to 𝑁D
SC

while BW for MS and SS services is uniformly allocated. The AP/LSat-UE association and
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Algorithm 11 Greedy Algorithm

1: Input: Channel 𝒉𝑐 = [ℎx(ℓ, 𝑘, 𝑣x, 𝑛x)], 𝒈𝑐 = [𝑔x(𝑘, 𝑣x, 𝑛x)], ∀(ℓ, 𝑘, 𝑣x, 𝑛x, x, 𝑐).
2: Initialize: Zero matrices 𝜶𝑐, 𝜷𝑐, and 𝒃𝑐 with ∀𝑐.
3: for Each cycle 𝑐 do
4: Use 𝑁d

sb
DS SCs, uniformly allocate BW for services x ∈ {m, s}. Build 𝒃𝑐.

5: for Each frame 𝑒 do
6: Extract {𝒉𝑒 , 𝒈𝑒 , 𝜶𝑒 , 𝜷𝑒 } for frame 𝑒. Set elements of non-using SCs to zero.
7: for Each UE 𝑘 service x do
8: while 𝒉x

𝑒(:, 𝑘, :, :) ̸= 0 do

9: Find index (ℓ̂ , 𝑣, 𝑛) where 𝒉x
𝑒(ℓ̂ , 𝑘, 𝑣, 𝑛) = max(𝒉x

𝑒(:, 𝑘, :, :)).

10: Set 𝜶x
𝑒(ℓ̂ , 𝑘, 𝑣, 𝑛) = 1, 𝒉x

𝑒(:, 𝑘, 𝑣, 𝑛) = 0 and 𝒉x
𝑒(ℓ̂ , :, 𝑣, 𝑛) = 0.

11: end while

12: while 𝒈x
𝑒(𝑘, :, :) ̸= 0 do

13: Find index (𝑣, 𝑛) satisfying 𝒈x
𝑒(𝑘, 𝑣, 𝑛) = max(𝒈x

𝑒(𝑘, :, :)).
14: Set 𝜷x

𝑒(𝑘, 𝑣, 𝑛) = 1 and 𝒈x
𝑒(:, 𝑣, 𝑛) = 0.

15: end while

16: end for

17: end for

18: Assign 𝜶𝒆 , 𝜷𝒆 to 𝜶𝒄 , 𝜷𝒄
19: Power control {𝑷𝑐 }: using water-�lling scheme by ignoring interference.
20: Tra�c steering 𝝎𝑐: set proportional to UE rate.
21: end for

22: Output: Solution {𝒃𝑐 ,𝝎𝑐 , 𝑷𝑐 , 𝜶𝑐 , 𝜷𝑐 }, ∀𝑐 for 𝑁Cy cycles.

RB assignment are selected based on channel gain matrices in cycle 𝑐. Afterward, the water-

�lling algorithm is utilized for power allocation by ignoring interference with 𝜖pow tolerance

for water level searching. The tra�c steering decision is set proportional to the UE rate. One

notes that this algorithm does not guarantee DS SINR/rate and queue length constraints

(𝐶10), (𝐶14) − (𝐶16).

4.5.2 Other Benchmark

A Heuristic Algorithm is further proposed by updating the greedy algorithm above, where

the BWA is adopted from [116]. In particular, the approach is developed from Alg. 11 as: step

1) tra�c 𝝀𝑐 is added to input; step 4) BW for the MS and SS services is set proportional to

the remaining queue length in cycle (𝑐 − 1); step 19) after power allocation, the remaining

queue length is computed based on the rate of UE and tra�c.

4.5.3 Complexity Analysis

This section analyzes the complexity of proposed and benchmark algorithms in terms of big-O

notation. To solve convex problems in the DT-JointRA and RT-Re�ne algorithms, we assume

that the interior-point method is utilized. Hence, the complexity to solve one convex problem

is O(𝑎2(𝑎 + 𝑏)𝑏1/2) where 𝑎 and 𝑏 are the number of variables and inequality constraints,

respectively.
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DT-JointRA Algorithm

Regarding Alg. 9, the DT-JointRA algorithm operates over a single cycle and consists of

one iterative loop, where (P2)𝑐 is solved iteratively in Step 3-6. Problem (P2)𝑐 includes

𝑎DTJRA = 𝑁SF(𝐿(𝐾D(8𝑉D + 2) + 𝐾M(6𝑉M + 2)) + 𝐾M(6𝑉M + 2) + 𝐾S(3𝑉S + 1)) + 𝐿(𝑉D + 𝑉M)

variables and 𝑏DTJRA = 𝑁SF(𝐿(𝐾D(8𝑉D + 3) + 𝐾M(𝑉M + 1) + 2(2𝑉D + 𝑉M + 3)) + 2(2𝐾D𝑉D +

𝐾M(3𝑉M + 2)) + 2𝑉M + 𝐾S(𝑉S + 2) + 𝑉S + 5) + 𝑉D + 𝑉M + 1 inequality constraints. The

DT-JointRA algorithm complexity over 𝑁Cy cycles is expressed as

𝑋DTJRA = O(𝑁Cy𝑁iter𝑎
2
DTJRA(𝑎DTJRA + 𝑏DTJRA)𝑏

1/2
DTJRA

), (4.31)

where 𝑁iter is the number of iterations for convergence.

RT-Re�ne Algorithm

As described in Alg. 10, the RT-Re�ne algorithm consists of four nested loops: 1) loop for

𝑁cy cycles, which involves solving (P2)𝑐 in step 4, 2) loop for 𝑁TF frames in each cycle, 3)

loop for 10 SFs in each frame, 4) iteratively solving problem (Prefi
1 )𝑠. Since (Prefi

1 )𝑠 consists of

𝑎RTRefi = 𝐿(𝐾D(8𝑉D+2)+𝐾M(6𝑉M+2))+𝐾M(4𝑉M+2) variables and 𝑏RTRefi = 𝐿(𝐾D(8𝑉D+

3) + 𝐾M(𝑉M + 1) + 2(2𝑉D + 𝑉M + 3)) + 2(2𝐾D𝑉D + 𝐾M(3𝑉M + 2) + 1) inequality constraints,

and the complexity for solving (P2)𝑐 in 𝑁Cy cycles is given in (4.31), the complexity of the

RT-Re�ne algorithm is given as

𝑋RTRefi = 𝑋DTJRA + O(𝑁Cy𝑁SF𝑁iter𝑎
2
RTRefi(𝑎RTRefi + 𝑏RTRefi)𝑏

1/2
RTRefi

), (4.32)

where 𝑁iter is the number of required iterations for convergence in solving (Prefi
1 )𝑠. In (4.32),

one notes that the �rst term is due to execution at the CNC with predicted information while

the second term corresponds to execution at TCU with real-time feedback from actual systems

at each SF. (4.32) shows that the complexity for executing each SF at TCU is signi�cantly

lower than that for one cycle at CNC, i.e., about (𝑁TF)
3.5 times in terms of big-O notation.

This further emphasizes the practice of the proposed solution.
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Table 4.1: Queue length and DS tra�c remaining outcomes of the Heuristic algorithm versus 𝑁D
SC.

Num. SCs for DS services, 𝑁D
SC 1 2 3 4 5

Mean queue length (MB) 20.12 23.12 27.08 31.55 37.29
Remaining DS tra�c (%) 22.2 19.5 18.4 17.8 17.4

4.5.4 Greedy and Heuristic Algorithms

The greedy and heuristic algorithms share a similar structure with minor di�erences in Step

4 and 19. Hence, these algorithms have the same complexity in terms of big-O notation.

Particularly, Alg. 11 consists of nested loops. For each cycle loop in Steps 3-21, there are

two outer-nested-loops in Step 5-17 for each frame and UE, and two inner-loops for AP-

UE and LSat-UE associations in Step 8-11 and Step 12-15, respectively. Step 5-17 for

UE association demand a complexity of O(𝑋Assoc) with 𝑋Assoc = O(𝑁TF(40𝐿𝐾D𝑉D + 20(𝐿 +

1)𝐾M𝑉M +10𝐾S𝑉S)). In Step 19, the water searching for water-�lling algorithm for 𝑁 TAPs

and 1 LSat demand a complexity of O(− log2(𝜖pow)(𝑁+1)). Hence, the complexity of Alg. 11

is expressed as

XGrd−Heu = O(𝑁Cy(𝑋Assoc − 𝑁 log2(𝜖pow))). (4.33)

4.6 Numerical Results

4.6.1 Simulation Setup

The simulation is conducted with 3D map in an area of 3km2 at (51.524◦N, 0.085◦W) in

London city. For simulation data, the vehicular UE route and LSat orbit are taken from Google

Navigator and Starlink LEO TLE, the arrival tra�c is taken from an actual dataset [122].

Environment channels are generated using the DT model with coe�cient 𝜉 = 0.5.

The key simulation parameters are: system BW 𝑊 tot = 15 MHz, operation frequency

𝑓𝑐 = 3.4 GHz, LSat altitude 500 km, antenna parameters of AP, LSat, SUE as in [8, 9],

vehicle UE antenna and RayT parameters as in [31,52], number of cycles 𝑁Cy = 20, number of

frames/cycle 𝑁TF = 5, numbers of TAPs, UEs (𝑁, 𝐾D, 𝐾M, 𝐾S) = (6, 4, 5, 3), power budget at

AP and LSat (𝑝max
AP , 𝑝

max
Lsat) = (34, 36) dBm, maximum queue length 𝑞m,max

ℓ
= 𝑞

x,max
0 = 2 MB,

interference margin for the RT-Re�ne algorithm 𝜅 = 1.1. For intuition, the simulation scenario

with UE position and channel gain heatmap, and RayT result are shown in Fig. 4.8. For

benchmarks, a full information algorithm (FIA) is further examined where DT-JointRA

algorithm is executed with full actual information. In addition, for heuristic algorithms, mean
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(a) Simulation scenario and AP channel gain heatmap (log10 scale).

TAP

y

(b) Ray-tracing result in the examined area.

Figure 4.8: Simulation scenario, TN channel heatmap (log10 scale), and RayT.

queue length and remaining DS tra�c versus 𝑁D
SC are shown in Table. 4.1. Since the remaining

DS tra�c decreases slowly while the mean queue length quickly increases as 𝑁D
SC increases.

Based on which, 𝑁D
SC = 1 is selected.

Fig. 4.9 shows the convergence rate of the proposed algorithms in di�erent cases. It

is worth noting that the DT-JointRA algorithm is encompassed in the RT-Re�ne one in

phase 1 at step 4. Since the DT-JointRA algorithm and FIA share the same structure with

only di�erences in inputs, their convergence rates are similar. Particularly, the DT-JointRA

algorithm and FIA require only about 25 iterations for convergence in both cases 𝑝max
AP = 30
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Figure 4.9: Convergence rate of the proposed algorithms.
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Figure 4.10: Queue length versus DT channel coe�cient, 𝜉.

dBm and 𝑝max
AP = 36 dBm. Although in the RT-Re�ne algorithm, phase 2 is executed right

after phase 1 (i.e., DT-JointRA), it is bumpy at the beginning of phase 2. This phenomenon

is due to the changes in inputs, i.e., replacing {𝒉̂𝑡 , 𝝀̂𝑡 } by {𝒉∗𝑡 , 𝝀𝑡 }. However, phase 2 requires

only about 3 iterations for convergence. This emphasizes the practical implementation aspect

of the proposed RT-Re�ne algorithm.

Regarding the impact of DT channel coe�cient 𝜉 on the performance of the proposed

RT-Re�ne algorithm, Fig. 4.10 illustrates the queue length improvement of re-optimization in

phase 2 of the RT-Re�ne algorithm and the queue length gap between the RT-Re�ne algorithm

and FIA. Based on the channel model in Section 4.2.3, one can see that a larger 𝜉 results in

a smaller di�erence between the emulated real environment and its DT reduces. Hence, both

lines decrease as 𝜉 increases. Particularly, at 𝜉 = 0.3, 𝜉 = 0.5, and 𝜉 = 0.7, re-optimizing in

phase 2 can reduce the queue length by about 17.7%, 15.7%, and 14.5% compared to DT-

JointRA outcomes, and the percentage gaps between the RT-Re�ne algorithm and FIA are
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Figure 4.11: Queue length versus margin interference.

about 14.5%, 7.3%, and 6.9% compared to FIA outcomes, respectively.

Fig. 4.11 depicts the mean queue length versus interference margin 𝜅 in the RT-Re�ne

algorithm. One can see that the mean queue length outcome �rst decreases and then in-

creases as 𝜅 increases. Particularly, the mean queue length at 𝜅 = (1, 1.1, 1.2, 1.3) is about

(3.59, 3.51, 3.53, 3.63) MB. This phenomenon can be explained as follows. First, one notes

that in phase 2 of the RT-Re�ne algorithm, only actual channels from TAPs to their own

served UEs are used while other channels are kept as predicted ones. For 𝜅 = 1, the predic-

tion error of interference channels is not aware. In contrast, for 𝜅 > 1, this error is taken into

account and TAPs reduce their transmit power to protect UEs served by LSat. Hence, at

higher 𝜅, e.g., at 𝜅 = 1.1 and 𝜅 = 1.2, mean queue length decreases. However, for su�ciently

high 𝜅, the prediction error is overestimated, leading the TAPs to reduce transmit power

more than necessary, which results in rate degradation and an increase in queue length. By

appropriately choosing this margin, i.e., 𝜅 = 1.1, re-optimization in phase 2 can reduce about

0.75 MB in mean queue length, and the gap between the RT-Re�ne and FIA lines is only

about 0.25 MB. This result demonstrates the e�ectiveness of considering this margin against

interference channel prediction errors while avoiding costly channel estimation. Based on this

result, margin 𝜅 = 1.1 is selected for other simulations.

Fig. 4.12 shows the mean queue length outcomes of proposed algorithms and benchmarks

versus the AP power budget. Regarding the greedy and heuristic benchmarks, the mean

queue length gap between two lines is about 1.12 MB. This improvement gap in the heuris-

tic algorithm is due to the adaptive BWA based on the remaining queue length. However,

compared to the proposed algorithms, since benchmarks ignore interference, the queue length
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Figure 4.12: Queue length versus AP power budget.

performance gap between the proposed and benchmark algorithms is signi�cant, i.e., about

17 MB. Additionally, the proposed algorithms can satisfy DS requirements in all considered

cases while unserved DS tra�c is about 22.2% in benchmarks as shown in Table. 4.1. Re-

garding proposed algorithms, the gap between the DT-JointRA and RT-Re�ne lines, which

indicates improvement by re-optimizing in RT-Re�ne-phase 2, is about 0.7 MB. Beside, com-

pared to the proposed benchmark FIA which uses full actual information for optimization,

the gap between the RT-Re�ne and FIA lines is only about 0.27 MB. Hence, in addition to

superiority compared to two benchmarks, the proposed RT-Re�ne scheme shows the e�ective-

ness of re-optimizing AP power control to adjust solutions with the actual information at all

considered cases of 𝑝max
AP . Additionally, a similar outcome trend of the proposed algorithms

can be recognized. Particularly, with AP power budget 𝑝max
AP = 30 → 36 dBm, the mean

queue length decreases quickly, and with 𝑝max
AP = 36 → 38 dBm, their decrease trend slightly

reduces. This phenomenon indicates that with 𝑝max
AP = 36 or above, the AP power budget

starts to be redundant for queue length minimization.

Fig. 4.13 depicts the mean queue length performance of the examined schemes with dif-

ferent LSat power budgets. Regarding the greedy and heuristic benchmarks, one can see that

the mean queue length outcomes �rst decrease and then increase. This is due to the impact of

interference caused by LSat in the whole coverage area is not addressed in the power control

phase. Similar to results in Fig.4.12, the adaptive BWA in the heuristic scheme brings the

improvement in terms of queue length compared to the greedy one. However, compared to the

proposed algorithms, the queue length outcome gap is still signi�cant. Regarding the proposed

algorithms, a similar trend compared to results in Fig 4.12 can be recognized. Particularly, the



136 Chapter 4

32 34 36 38 40

5

10

15

20

Maximum transmit power of LSat, pmax
LSat (dBm)

M
ea

n
qu

eu
e

le
ng

th
(M

B
)

Greedy Alg.
Heuristic Alg.
DT-JointRA Alg.
RT-Refine Alg.
Full-Info Alg.

32 34 36 38 40
3

3.5

4

4.5

Figure 4.13: Queue length versus LSat power budget.
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Figure 4.14: Queue length over time of examined algorithms.

queue length outcomes linearly decrease as LSat power budget 𝑝max
LSat increases, while the de-

creasing trend slightly reduces with 𝑝max
LSat = 36 → 40 dBm. This slight degradation indicates

that the LSat power budget starts to be redundant for queue length minimization.

For an insight into the queue length minimization performance, Fig. 4.14 shows the queue

length of FIA and heuristic benchmarks and the RT-Re�ne algorithm over time (TFs). One

can see that the queue length outcome of the heuristic benchmark increases linearly over

frames while that of proposed algorithms remains below about 10 MB over frames. This

result demonstrates the superiority of the proposed solutions compared to benchmarks in

terms of queue length stability.

For more insight into the queue length over time, Fig. 4.15 shows the arrival data of

services, queue length and BWA outcomes over time of the RT-Re�ne algorithm and FIA.

Although the arrival data of DS services is quite small, i.e., only about 5 − 10 kB/frame, it is

not completely served by using benchmarks with multiple SCs for DS services as Table 4.1.

However, the proposed algorithms can satisfy DS requirements by allocating only 1 SC for

BWP D. Besides, due to the larger varying total arrival data size of MS and SS services,

the BWAs for these services change over cycles for queue length minimization. One can see

that, at each cycle, the BW is allocated adaptively based on the remaining queue length in
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Figure 4.15: Arrival data, queue length, and BWA over time.

the previous cycle and the arrival data. Additionally, compared with the FIA benchmark

using full actual information, the RT-Re�ne algorithm, which is proposed for implementation

purposes, can provide a comparable performance in terms of queue length minimization over

time.

4.7 Summary

This work studied the novel DT-aided joint spectrum sharing, tra�c steering, and resource

allocation for ISTNs over time. The optimization problems aim to minimize the system

congestion under system and service constraints. To assist RRM, a digital-twin system is

developed for information prediction. Based on this, we proposed a DT-JointRA algorithm

implementable at the CNC to address the optimization problem. For practical implementa-

tion, a re-optimization phase is built on top of the DT-JointRA algorithm to re�ne its solution

with the information in real-world systems. Through numerical results with the actual 3D

map and tra�c information, the proposed algorithms show the superiority in terms of conges-

tion minimization, compared to benchmarks. Furthermore, the simulation results emphasize

the practicality and e�ectiveness of the proposed algorithms in terms of adaptation ability.
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Conclusions and Future Work

T
HIS thesis addressed several spectrum management and resource allocation (RA) chal-

lenges in integrated satellite-terrestrial networks (ISTNs). In summary, three key

problems were identi�ed, each representing a critical issue in the deployment and operation

of ISTNs. These problems were carefully analyzed and addressed in the subsequent chapters.

The main conclusions drawn from the contributions of this thesis, along with directions for

future work, are outlined below.

5.1 Main Conclusions

Motivated by practical ISTN scenarios and spectrum regulations promoted by standardization

bodies such as 3GPP, ESA, and the U.S. FCC as well as the associated technical challenges,

this thesis has identi�ed and comprehensively investigated three critical problems in Integrated

Satellite-Terrestrial Networks (ISTNs). Particularly, a comprehensive overview of ISTNs,

emphasizing how emerging service and increasing data demands have driven the integration of

terrestrial networks (TNs) and satellite networks (SatNets), has been presented in Chapter 1.

Building upon this background with associated technique issues and a review of existing

literature, three key research problems were formulated:

� Problem 1: Backhaul-Link BW Allocation and Two-Tier UE Association.

� Problem 2: Throughput Enhancement and Seamless Handover in C-Band 5G-ISTNs.

� Problem 3: Resource Management in Dynamic Spectrum Sharing ISTNs.

These problems were systematically addressed in Chapters 2, 3, and 4, respectively.

138



Conclusions and Future Work 139

Problem 1 was investigated in Chapter 2 through a novel time-window-based joint two-tier

association and RA framework for ISTNs. Given the objective of transmission time minimiza-

tion, two algorithms-one centralized and one decentralized-were developed to jointly optimize

backhaul BW allocation, UE-BS-LSat association, RB assignment, and power control. Espe-

cially, the decentralized algorithm was designed for implementation purposes enabling parallel

execution among local controllers. Extensive simulations demonstrated that:

� Both proposed algorithms signi�cantly outperformed baseline benchmarks in minimizing

transmission time, achieving a reduction of approximately 30 − 50% compared to the

benchmark schemes.

� The solutions provided enhanced load balancing, spectral e�ciency, and adaptability.

� The decentralized algorithm showed strong potential for practical deployment in dis-

tributed network scenarios.

Problem 2 was addressed in Chapter 3 by developing a joint user association and power

allocation optimization framework for co-primary spectrum sharing ISTNs in urban environ-

ments. Aiming to simultaneously maximize system sum-rate (SR) and minimize connection

changes (CCs), algorithms were proposed: FTW-Alg and PTW-Alg, which solve the problem

in the full time-window and subsequent sub-time-windows. Especially, PTW-Alg was de-

signed for implementation purposes with incorporation of prediction mechanisms. Evaluation

and analysis using a 3D map and realistic UE mobility scenarios demonstrated that:

� The proposed algorithms signi�cantly outperformed benchmarks in both SR enhance-

ment and CC minimization, achieving an increase of approximately 20−50% on SR and

reduction of about 65 − 90% on CCs.

� The solution demonstrated the feasibility of co-primary spectrum usage between TNs

and SatNets through e�ective interference mitigation mechanisms.

� The prediction-based time-window (PTW) algorithm showed strong practicality, re-

quiring only a single LSat position update per sub-time-window, thereby minimizing

information exchange between LEO satellites and ground segments.

� The framework leveraging Ray tracing, 3D map data, and mobility modeling presented

a valuable foundation for future ISTN research.
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Problem 3 was tackled in Chapter 4 by developing a digital-twin (DT) model and a DT-

aided framework for joint spectrum sharing, tra�c steering, and resource allocation in ISTNs.

Given the objective of minimizing system congestion, two tailored algorithms were designed:

� DT-JointRA Alg: a resource management algorithm leveraging DT-predicted system

information for joint optimization of cycle time level.

� RT-Re�ne Alg: a re�nement algorithm that updates DT-JointRA decisions using

real-time system feedback to enhance accuracy at sub-frame time level.

Extensive numerical evaluations, including simulations with real 3D urban maps and tra�c

data, demonstrated that:

� The proposed algorithms signi�cantly outperformed benchmark schemes in reducing

system congestion. The DT-JointRA algorithm achieved a queue length reduction of

approximately 78−82% compared to benchmarks, while the RT-Re�ne algorithm further

improved performance by an additional 16%.

� Two algorithms exhibited the practicality and e�ectiveness in terms of adaptation ability

with varying tra�c demand.

� The DT model e�ectively supported resource management by reducing LSat�ground

segment information exchange and addressing challenges in LSat�UE CSI estimation.

� The developed DT model�incorporating ray-tracing, 3D map data, user mobility, and

tra�c patterns�emulated key network components and predicted system dynamics, of-

fering a valuable foundation for future ISTN research.

5.2 Future Work

While this thesis has addressed critical problems in ISTNs, several directions remain for future

exploration. The possible extensions and open research topics can be listed in subsequent

sections.

5.2.1 Possible Extensions

� Performance loss due to connection state changes: In the second work, the goal

is to maximize sum-rate (SR) while minimizing the number of connection state changes
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(CCs). However, the direct impact of CCs on SR performance has not been explicitly

analyzed. According to connection state transition procedure in 3GPP 38.300 [100],

frequent CCs may disrupt data transmission due to delays in releasing and establishing

connections, e�ectively reducing transmission duration. A more comprehensive perfor-

mance model incorporating SR degradation due to CCs would allow for optimizing the

e�ective SR and improving the trade-o� between connectivity stability and throughput.

� Heterogeneity BW slicing among TN cells: The third study assumed uniform

(homogeneous) bandwidth slicing across terrestrial network (TN) cells. However, in

practical large-scale deployments, the tra�c pattern is spatially heterogeneous. Allowing

BW slicing to vary among TN cells could further enhance spectrum e�ciency. This

design, however, introduces inter-numerology interference across neighboring cells [123,

124], which would require sophisticated coordination or interference mitigation strategies

in future works.

� Multi-Satellite in DSS-Enabled ISTNs: In the third work, the model is limited to

a single LEO satellite. Extending the framework to support multiple satellites operat-

ing concurrently would enable load balancing, increase SatCom capacity, and improve

coverage [49, 52, 101]. Such multi-satellite scenarios would introduce new challenges in

satellite coordination, resource partitioning, and inter-satellite communication.

� DFT-based Beamforming and Precoding Technologies in SatCom Systems:

Advanced physical-layer technologies, such as DFT-based beamforming and precoding

in SatCom systems, remain underexplored in this thesis. Particularly, multi-beam tech-

nology in SatCom can enhance spatial multiplexing and total system capacity. Given

the limited computational resources onboard satellites, DFT-based beamforming o�ers

a promising and lightweight solution [101, 125]. Based on which, precoding technology

can further improve spectral e�ciency and reduce interference. Future work should ex-

plore the integration of these approaches into SatCom system architectures, accounting

for satellite-speci�c constraints and mobility. Additionally, the challenge of acquiring

accurate channel state information (CSI), especially given long propagation delays in

satellite links, must be addressed to enable practical precoding implementations.

� Machine Learning and Deep Learning for Decision Making: The integration

of machine learning (ML) and deep learning (DL) techniques into ISTNs can enable
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adaptive, data-driven decision-making across various layers of the network [116, 126].

Promising applications include tra�c demand prediction, user behavior modeling, and

dynamic resource allocation. In particular, for the second and third problems addressed

in this thesis, time-series forecasting models can be leveraged to predict UE mobility

based on historical trajectory data, thereby enhancing association and handover strate-

gies. Moreover, in the digital-twin (DT) framework of the third work, replacing heuristic

methods with ML/DL-based models for tra�c demand prediction can signi�cantly im-

prove accuracy and responsiveness to spatiotemporal variations in tra�c patterns.

5.2.2 Possible Open Research Direction

� Open-RAN Integration in ISTNs: Open Radio Access Network (O-RAN) architec-

ture promotes interoperability, �exibility, and vendor diversity through the disaggrega-

tion of network functions and RAN intelligent control (RIC) loops [127]. Its application

in ISTNs presents a promising direction, enabling more modular and software-de�ned

architectures. Particularly, the design of network and resource decision making through

RIC loops [116], considering latency management as well as synchronization between

space and ground segments, could be a promising research direction.

� Support for Both Unicast and Multicast Services in ISTNs: SatCom systems

are particularly well-suited for content broadcasting and multicast services due to their

wide coverage [128,129]. In addition to unicast services, future work could explore ISTN

scenarios that support both unicast and multicast transmissions, especially in scenarios

involving high-demand media content distribution. In such scenarios, the network and

resource management design, considering di�erent bu�ers dedicated to service types,

should be studied to e�ectively handle di�erent services and quality-of-service (QoS)

requirements.

� Content caching at LEO satellites in ISTNs: Deploying intelligent caching strate-

gies at LEO satellites could signi�cantly reduce feeder link load, improve latency perfor-

mance, and o�oad tra�c from TNs for popular content [130,131]. Considering content-

aware caching and delivery mechanisms in network and resource management designs

represents a valuable research direction. Future work can focus on designing intelligent

caching mechanisms that consider dynamic networks, content popularity, and coordina-

tion with terrestrial caches for optimized content delivery.
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