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Abstract: With the evolution of the sixth generation

(6G) mobile communication technology , ample atten-

tion has gone to the integrated terrestrial-satellite net-

works. This paper notes that four typical application

scenarios of integrated terrestrial-satellite networks

are integrated into ultra dense satellite-enabled 6G net-

works architecture. Then the subchannel and power

allocation schemes for the downlink of the ultra dense

satellite-enabled 6G heterogeneous networks are in-

troduced. Satellite mobile edge computing (SMEC)

with edge caching in three-layer heterogeneous net-

works serves to reduce the link traffic of networks.

Furthermore, a scheme for interference management

is presented, involving quality-of-service (QoS) and

co-tier/cross-tier interference constraints. The sim-

ulation results show that the proposed schemes can

significantly increase the total capacity of ultra dense

satellite-enabled 6G heterogeneous networks.

Keywords: satellite-enabled 6G networks; network

architecture; resource optimization; interference man-

agement

I. INTRODUCTION

As the next generation mobile networks develop, new

challenges and requirements arise from the surge of

transmission traffic. The sixth generation (6G) wire-

less system will break through the limitation of ter-

rain and thereby realize ubiquitous connection by a

whole-earth coverage [1]. Many novel enabling tech-

nologies are initiated, such as terahertz communica-

tion [2], intelligent reflecting surface [3], and fed-

erated learning [4], etc. In the context of these

state-of-the-art technologies, the integrated terrestrial-

satellite networks can provide various benefits includ-

ing a larger capacity of wideband transmission and a

wider coverage area. Therefore, integrated terrestria-

satellite networks incorporating the relatively inde-

pendent satellite networks into terrestrial cellular net-

works becomes a trend. As an integral whole of satel-

lite networks and the terrestrial networks, integrated

terrestrial-satellite networks provide globally seam-

less, ubiquitous services accessible to Internet [5].

In the past two decades, human beings have always

been trying to realize the construction of the integrated

terrestrial-satellite networks [6–9]. In the end of the

20th century, Motorola proposed a satellite communi-

cation network plan named “Iridium Project” [10]. It
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can be regarded as an endeavor to support the glob-

ally wireless communications among different ground

stations by means of the satellites. Unfortunately, the

project ahead of its time failed because of costly ex-

penses and a limited number of initial user terminals.

However, recent advances in low earth orbit (LEO)

satellite networks over the high-frequency band have

provided an alternative solution for coverage exten-

sion and backhaul connectivity. SpaceX, this famous

LEO satellite company planed to launch circa 12, 000

Starlink Internet satellites would dominate the lower

part of the Earth orbit, below 600 km [11]. To ob-

tain more communication resources, the United States,

Europe, and China have accelerated the deployment

of LEO satellites to support communications of inte-

grated terrestrial-satellite networks.

Motivated by the rapid development of integrated

terrestrial-satellite networks deployment, the aca-

demics and industries focused on the research em-

phases below, including access control, dynamic back-

haul links, multicast protocols, offloading of mobile

edge computing (MEC) [12], software-defined net-

working (SDN) [13], network functions virtualization

control [14], as well as coordination of high and low

orbit satellites, etc. The broadcast and multicast func-

tion of LEO satellites ensures tasks of ground user ter-

minals to be processed by MEC servers [12]. The ul-

tra dense networks are densely deployed to satisfy the

dramatically increasing traffic demands [15]. Based

on this technique, researchers have established a theo-

retical model of a ultra dense LEO terrestrial-satellite

networks, in which LEO-based small cell have bet-

ter performance on data offloading as the traffic load

increases [16]. Network functionalities over satellite

networks have been researched actively. With the ab-

sence of a proximal MEC server, each user terminal

in satellite-terrestrial integrated networks can also ex-

perience MEC services via satellite links [17]. As for

dealing with the interference between Geostationary

(GSO) satellites and LEO satellites, the popular so-

lutions, such as the progressive pitch method and the

coverage-expanding method, underpin the same prin-

ciple, which is to transfer the interference to neighbor

satellites before the host satellite turns off [18].

Nowadays, with the deeper integration of com-

munication, computing, storage resources in mobile

communication network, the resource allocation in

satellite-terrestrial integrated networks is no longer

limited to a single domain of communication re-

sources. The work in [16] considers the optimiza-

tion of user associations, sub-channel allocation and

power control in the ultra-dense LEO networks. This

work in [19] begins to extend from the communica-

tions domain to the caching deployment based on the

consideration of popularity. The work in [20] consid-

ers the joint allocation of resources for the communi-

cation domain, the cache domain, and the computing

domain, and proposes a deep Q learning method to ex-

plore the maximum reward. The authors focus on the

allocation of resources in three areas in the context of

throughput equity and data security [21]. However,

These current efforts all involves the three-domain re-

sources of a single LEO satellite, and there is still lit-

tle research on the heterogeneous ultra-dense satellite

networks.

On the other hand, the interference management of

ultra-dense heterogeneous networks is also worth of

to be studied. In [22], power is allocated with in-

terference constraint to achieve interference manage-

ment purposes, taking into account energy efficiency.

Interference management is achieved through power

control, and the data rate of the interference signal is

lower than that of quality of service (QoS) constraint

[23, 24]. It can be seen that it is feasible to establish in-

terference management for the satellite-terrestrial in-

tegrated networks on the scheme of resource manage-

ment.

Motivated by the related works, we investigate the

subchannel allocation and power control in the com-

munication domain. Besides, the SMEC and caching

deployment are designed in the heterogeneous ultra-

dense satellite networks. Under the scheme of re-

source optimization, the interference management co-

operated with cognitive radio is trailed in the hetero-

geneous ultra-dense satellite networks.

Different from the existing studies of satellite en-

abled networks, the paper focuses on the downlink

of wireless communications heterogeneous networks

with LEO and GSO satellites. On this basis, re-

source optimization and interference management are

explored by utilizing edge caching and analyzing dif-

ferent kinds of interference is demonstrated first.. An

architecture of ultra dense satellite-enabled 6G hetero-

geneous networks. Then an effective algorithm of re-

source allocation is designed in the satellite enabled

6G networks to promote the total capacity of networks.
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Figure 1. An architecture of ultra dense satellite-enabled 6G heterogeneous networks.

Furthermore, the network interference and the strat-

egy of interference management are analyzed. Finally,

conclusions grounded on the simulation results put fi-

nal touches to the paper.

II. ULTRA DENSE SATELLITE-ENABLED

6G NETWORKS ARCHITECTURE

It is viable that the ultra dense satellite-enabled 6G het-

erogeneous networks productively utilize satellites in a

full range of orbits to scale up their capacity. Through

the inter-satellite link and ground-satellite one, the

communication terminals on the ground, in the sea, air

or deep space are intensively integrated. Satellites are

able to handle complex communication environments,

such as crowded urban areas where space is limited or

sea areas where gateways are difficult to be deployed.

It can be either on-demand integration of the existing

satellite systems or the result of integrated design ac-

cording to requirements.

Based on the analysis of application scenarios, Fig-

ure 1 depicts the architecture of satellite enabled 6G

heterogeneous networks. This architecture displays

two major sorts, ground-based one and space-based

one. The focal point of the ground-space communi-

cation is on the space segments, for it can save re-

dundant costs with participation of the ground gate-

way. The subnetwork mentioned above consists of

satellites which access user terminals to the space.

The emphases of future research on profoundly inte-

grated ground-space networks are not only the com-

munication itself but also the computing and storage.

What needs to be considered is multi-dimensional re-

source management and allocation. The paper studies

the space-based subnetworks and LEO satellites sup-

portive of terrestrial communication as well as GSO

satellites gathering information of space-based subnet-

works and transmitting the control signal between two

subnetworks, and four application aspects discussed as

below.

2.1 The Aspect of Core Networks

Given that not all data can be computed in the lo-

cal network, certain tasks call for more storage and

servers. Moreover, numerous videos, files and images

should be stored in core networks. So the terrestrial

gateway stations (TGSs) should be set to connect core

networks, i.e. a cellular network, a cloud center or a

regional IP network. Once equipped with powerful di-
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rectional antennas, TGSs can sustain the operation of

multiple user terminals.

2.2 The Aspect of Metropolitan Areas

There are plenty of user terminals in the metropolises

where colleges or corporations stand. An essential

prerequisite for this case in which the deployment of

a few TGSs and enough terrestrial satellite terminals

(TSTs) is the terrestrial stations equipped with more

powerful antennas. Compared to TGSs, TSTs’ an-

tenna is not powerful and can relay data for a small

group of user terminals. Since habitats of human be-

ings are vastly at middle and low latitudes, LEO and

GSO satellites are the agents of relay service.

2.3 The Aspect of Remote Areas

There are still some user requirements in the re-

mote ground area, such as villages, isolated islands or

mountainous areas. The remote areas include sparsely

populated rural areas and mountainous areas. With-

out specific latitudinal constraints, the services from

LEO satellite sites at any latitude are deliverable [25].

Considering the limited user terminals and infrastruc-

ture costs, one TST is apportioned in one region. In

some circumstances, UAVs are deployed to cope with

an upsurge in requests in case of some events.

2.4 The Aspects of Seas or Air

Unlike the aspects above, communication, computa-

tion, and storage capacities of user terminals are con-

siderably limited when the user terminals are served

in the seas or air, because the base stations are diffi-

cult to deploy. The sea and air are deployed the base

stations difficultly. These scenarios are not like lower-

dense population in seas and air and have to support

hotspot coverage. Meanwhile, aircraft and ships in

motion ramp up the difficulty level of designing the

ultra dense satellite-enabled networks. The antennas

with lower power embed in the vehicles. There should

be a compromise between the cost of antennas and

user terminals.

As shown in Figure 1, each satellite with caching

can promote the performance of the entire networks.

In face of the system capacity impacted by constantly-

moving satellites, the multi-layer caching is employed

to deal with the demands of the real-time service from

terrestrial user terminals. In this case, each access

point (AP) receives the same data request, with di-

rect response to the source server. Therefore, repeti-

tive transmission of content and spares excess traffic

is avoided, which upgrades the service quality of the

networks. Meanwhile, each satellite has an ability to

recognize, especially imperfect spectrum information

resulting from long propagation delay in space.

In the following two sections, resource optimiza-

tion is formulated as an capacity maximization for

the downlink of ultra dense satellite-enabled hetero-

geneous networks. The case aims to maximize the ca-

pacity of entire networks through resource allocation,

which facilitates researchers and operators to observe

the performances of the following algorithms. With

reference to interference management, cognitive satel-

lites are obtained in the proposed architecture. Sponta-

neously, interference from other satellites is managed.

III. RESOURCE ALLOCATION SCHEME

IN ULTRA DENSE SATELLITE-

ENABLED 6G NETWORKS

This section focuses on the subchannel allocation and

power control in the ultra dense satellite-enabled het-

erogeneous networks, where the coverage of one GSO

satellite overlaps that of spectrum-sharing LEO satel-

lites. Heterogeneous QoS requirements for user termi-

nals is a key indicator in the scheme. The capacity of

networks is also influenced by the sets of caching and

strategies of adjustment.

3.1 Subchannel Allocation and Power Control

According to the International Telecommunication

Union (ITU)’s regulation [26], the communication of

GSO satellites processes prior to the LEO ones. GSO

satellites may pose some potential problems, specif-

ically interference and resource contention. A com-

mon and empirical solution is turning off the LEO

satellites that block the links of GSO satellites, and

other LEO satellites act as supplements [18]. In the

proposed heterogeneous networks, user terminals can

receive miscellaneous signals from the LEO satellites

and even from some remoter GSO ones simultane-

ously. When involved in the downlink of ultra dense

satellite-enabled heterogeneous networks, a primary

GSO satellite acts as the AP. It is different from those
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LEO satellites which are denoted as a set of small

cells. Each LEO satellite hosts one small AP and U

user terminals that are randomly distributed within the

LEO’s terrestrial reference point. To be exact, the ter-

restrial reference points of LEO satellites upright pro-

jections on the surface of the earth. The total band-

width of the system is denoted as B, which is divided

into Q subchannels and each subchannel occupies a

bandwidth of B/Q. The LEO satellites transmit sig-

nals to U user terminals through these Q subchannels.

Let Ps1 and Ps2 represent the power budget for the

GSO satellites and LEO satellites respectively, assum-

ing that all the LEO satellites have transmit power

Ps2 and each user terminal of LEO satellites has ini-

tial transmit power Ps2/Q. The earth-satellite links

are much shorter, which results in lower power [27].

The power budget of GSO Ps1 should be higher than

LEO’s Ps2. A block fading channel is considered in

the system model, where the channel fading of each

sub-carrier is assumed to be the same within a sub-

band, but it varies independently across different sub-

bands. It is obvious that user terminals also receive

other LEO satellites’ and GSO satellites’ signals, re-

sulting in the unnecessary interference.

Derived from Lutz’s model [28], the principle is uti-

lized to model the link of land mobile satellite. The

channel fading of each subchannel is designed in two

types. One is composed of large-scale fading and

Rayleigh fading. The other one is composed of large-

scale fading and Rician fading. In this model, the

channel gain is classified into two types, the better one

is applied by Rician fading, and while the worse one

works with Rayleigh fading. It is hypothesized that

the user terminals that the satellites supported in its

coverage area would obtain the Rician fading, or else

the signal from other satellites would go through with

Rayleigh fading. We denote hm,n,q as the channel state

between the m-th satellite and the n-th user terminal

in the q-th subchannel.

Let the binary matrix X ∈ R
M×N×Q denote the

subchannel indication matrix, and when xm,n,q = 1,

it means the q-th subchannel is assigned to n-th user

terminal served by the m-th LEO satellite, otherwise

xm,n,q = 0. The P ∈ R
M×N×Q is the power alloca-

tion matrix of M LEO satellites. After setting these

two matrices with channel gain on subchannel from

LEO satellites to user terminals, the received signal-

interference-noise-ratio (SINR) is obtained. Thus, the
downlink capacity on the q-th subchannel of the n-th

user terminal in the m-th LEO satellite can be calcu-

lated by the received SINR at the m-th LEO satellite

for the n-th user terminal occupying the q-th subchan-

nel via Shannon’s formula [15].

Cm,n,q = log2


1 +

xm,n,qpm,n,qg
m,n
m,n

∣∣hm,n,q

∣∣2
∑N

n′ ̸=n

∑M
m′=1 xm′,n′,qpm′,n′,qg

m′,n′

m′,n

∣∣∣hm′,n,q

∣∣∣
2
+ σ2


 = log2 (1 + rm,n,q) . (1)

The mathematical expression of uplink transmission

capacity is given as the Eq. (1). The gm,n
m,n is denoted

as the antenna gain of satellite m towards satellite n

and gm
′,n′

m′,n is the off-axis antenna gain of satellite m′

towards the direction of user terminal n. The σ2 rep-

resents the additive white Gaussian noise. In the de-

signed constraints, constraint C1 implies the transmit

power constraint, where Pmax is the maximum trans-

mit power of each satellite. As it is typical for the or-

thogonal use of frequency resources within each satel-

lite, which is guaranteed by constraint C2. The an-

gle constraint can then be denoted as constraint C3.

θth is defined as the angular separation between satel-

lites. Constraint C4 ensures the QoS guarantee of each

user terminal. Constraints C5 and C6 are added, based

on the features of subchannel allocation factor xm,n,q

and power control factor pm,n,q. The constraints in re-

source optimization are listed as

C1 :
∑N

n=1

∑Q
q=1 xm,n,qpm,n,q ≤ P , ∀m,

C2 :
∑N

n=1 xm,n,q ≤ 1, ∀m, q,

C3 :
|θm,n1

− θm,n2
| ≥ xm,n1,qxm,n2,qθth

, ∀m, q, n1, n2,

C4 :
∑Q

q=1 xm,n,qCm,n,q ≥ Rn, ∀n,

C5 : pm,n,q ≥ 0, ∀m,n, q,

C6 : xm,n,q ∈ {0, 1} .

(2)
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In this case, the resource optimization is formulated

into a mixed integer of non-convex programming is-

sue. Next, the Lagrange dual decomposition approach

[29] is an solution to such technical difficulties as

joint subchannel allocation and power control. The re-

source allocation is formulated into the following.

max
X,P

∑M
m=1

∑N
n=1

∑Q
q=1 xm,n,qCm,n,q

C1 :
∑N

n=1

∑Q
q=1 pm,n,q ≤ P , ∀m,

C2 :
∑N

n=1 xm,n,q ≤ 1, ∀m, q,

C3 :
|θm,n1

− θm,n2
| ≥ xm,n1,qxm,n2,qθth

, ∀m, q, n1, n2,

C4 :
∑Q

q=1 xm,n,qCm,n,q ≥ Rn, ∀n,

C5 : pm,n,q ≥ 0, ∀m,n, q,

C6 : xm,n,q ∈ {0, 1} .

(3)

The user terminals’ QoS constraint requires the

maximal capacity of user terminals in the M LEO

satellites with the assistance of the proposed allocation

resource scheme. And for brevity, p̃m,n,q is defined as

xm,n,qpm,n,q. Then, the downlink of capacity maxi-

mization is treated as a mixed integer of non-convex

programming with all constraints.

L ({xm,n,q} , {p̃m,n,q} ,λ,µ, υ)

=
∑M

m=1

∑N
n=1

∑Q
q=1 xm,n,qCm,n,q

+
∑M

m=1 λm

(
P −

∑N
n=1

∑Q
q=1 p̃m,n,q

)

+
∑M

m=1

∑Q
q=1 µm,q

(
1−

∑N
n=1 xm,n,q

)

+
∑M

m=1

∑N
n=1 vm,n

(∑Q
q=1 xm,n,qCm,n,q −Rn

)
.

(4)

And the Lagrangian dual function is defined as

G (λ,µ, υ) =

max
{xm,n,q},{p̃m,n,q}

L ({xm,n,q} , {p̃m,n,q} ,λ,µ, υ) .

(5)

The Lagrangian dual function in Eq. (4) can be decom-

posed into a master problem and M ×Q subproblems.

L ({xm,n,q} , {p̃m,n,q} ,λ,µ, υ)

=
∑M

m=1

∑Q
q=1 Lm,q ({xm,n,q} , {p̃m,n,q} ,λ,µ, υ)

+
∑M

m=1 λmP +
∑M

m=1

∑Q
q=1 µm,q

−
∑M

m=1

∑N
n=1 vm,nRn,

(6)

where

Lm,q ({xm,n,q} , {p̃m,n,q} ,λ,µ,υ) =

+
∑N

n=1 xm,n,qCm,n,q +
∑N

n=1 υm,nxm,n,qCm,n,q

−λm

∑N
n=1 p̃m,n,q −

∑N
n=1 µm,qxm,n,q.

(7)

Utilizing the Karush-Kuhn-Tucker conditions, the op-

timal solutions of the subproblems can be obtained.

∂Lm,q (...)

∂xm,n,q





< 0, xm,n,q = 0

= 0, 0 < xm,n,q < 1

> 0, xm,n,q = 1

, ∀k, n. (8)

It can be seen that the partial derivative of subchannel

scheduling factor xm,n,q is expressed as

∂Lm,n (...)

∂xm,n,q

= Hm,n,q − λm, (9)

where

Hm,n,q = (1 + vm,n) log2 (1 + rm,n,q) +

(1 + vm,n)
1

ln 2(1+rm,n,q)

(10)

xm,n,q = 1

∣∣∣∣q∗=argmax
q

Hm,n,q
, ∀m,n. (11)

Through Eq. (11), the subchannel allocation can be re-

alized. After obtaining the subchannel allocation, the

power control can be optimized through the subgradi-

ent method,

∂Lm,q (...)

∂p̃m,n,q

=
(1 + υm,n)

ln 2 (1 + rm,n,q)
− λm ≤ 0. (12)
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p∗m,n,q =
p̃m,n,q

xm,n,q

=

[
1

ln 2

(
1+vm,n

λm,n

)
− Im,n,q

g
m,n

m,n|hm,n,q|
2

]+
,

(13)

where [x]+ = max (0, x). Through Eq. (13), the opti-

mal power control factor is also calculated. The master

dual problem can be solved as

λ(t+1)
m =

[
λ(t)
m − γ

(t)
1

(
Pmax −

Q∑

q=1

pm,n,q

)]+

, ∀m,n,

(14)

υ(t+1)
m,n =

[
υ(t)
m,n − γ

(t)
2 (Cm,n,q −Rn)

]+
, ∀m,n,

(15)

where γ
(t)
1 and γ

(t)
2 are the steps size of iteration t.

With the update of λ and υ, not only the power control

factor in Eq. (13), but also the subchannel scheduling

factor is optimized dynamically.

3.2 Satellite MEC Scheduling

Aiming at improving the user terminals’ QoS and re-

duce traffic volume in the space-air-ground-integrated

networks, satellite mobile edge computing (SMEC) is

applied to the satellites. Four deployment schemes of

SMEC [17] are no edge computing, proximal terres-

trial offloading (PTO), satellite offloading (SBO), and

remote terrestrial offloading (RTO). Although the PTO

decreases latency from long backhaul substantially, its

high cost fails to deploy remote areas. SBO is also

not economically viable, which characterizes SMEC

embedded in LEO satellites. In addition, it will sig-

nificantly increase its power consumption. Compared

with PTO and SBO, RTO is more practical for the im-

plementation of MEC. In this scheme, SMEC servers

will be deployed in gateways which connect the Inter-

net. The deployment of SMEC servers is an important

consideration if cost and transmission delay arrive at

an equilibrium.

The functions of SMEC can be divided into com-

puting offloading and caching deployment, aiming to

reduce the traffic burden of space-to-terrestrial links.

Thus, the effort of SMEC with caching is responsive

effectively to variable situations. All LEO satellites

and ground stations are equipped with local caching,

which constitutes cooperation of two-layer caching

deployment. The deployment of MEC servers in the

ultra dense network enables power-sufficient gateways

to connect to core networks.

To evaluate the relationship computing offloading

and caching deployment, a popularity-based caching

policy is denoted as the request probability for a com-

puting task d ∈ sm,n as follows:

zn (d, δ,N) =
1

(d)δ

N∑

n=1

1

nδ
. (16)

δ indicates the popularity profile. Through the popu-

larity analysis of each user terminal n, the alleviation

of backhaul bandwidth can be given by

∆Cm =
∑

n

znCmym,n, (17)

where Cm = 1
M

∑M
m=1

∑N
n=1

∑Q
q=1 Cm,n,q, ∀m.

∆Cm is added by the objective function in Eq. (3).

Meanwhile, the caching constraint is also added as:

C7 :
∑
n

xm,n,qym,nsm,n < Ym. (18)

Ym is the storage limitation of each LEO satellite m

and sm,n denote user terminal n’s content size.

Different from the caching case of ground stations

which respond to the request from its serviced user

terminals immediately, the caching case of satellites

takes advantage of their broadcast property. The satel-

lite receives the requests of users in their present foot-

print at a certain time. On completion of the request

collection, the satellites communicate with their local

cache, and continues to transmit a few requests to the

gateways for data generation or information collection

on the Internet. Binary variables represent the connec-

tion between the LEO satellite and its user terminal

on a certain subchannel. And the requests for content

from user terminals follow Zipf distribution [30, 31].

As it is shown in Figure 2, the caching deployment is

divided into three stages. In the preliminary stage, the

required content of user terminals has been completely

cached in the local LEO-TST, so the local caching can

satisfy the demand of user terminals. If that was not

the case, the requests for content would be sent to the

current LEO satellite. In the second stage, the satel-

lites will broadcast the local content to its footprint,
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User terminal
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Figure 2. The procedures of caching deployment in SMEC.

and send unfulfilled requests to GSO satellites. Then,

In the third stage, the requests will be transmitted to

the gateway with SMEC, and the complex tasks will

be transferred to the core networks. The scheme of

caching helps alleviate the overloaded traffic and en-

hance the overall capacity.

The caching deployment can be controlled by the

binary parameter ym,n. If LEO satellite m cached local

data of user terminal n, the caching deployment factor

ym,n equals 1.

An algorithm of distributed joint subchannel alloca-

tion and power control is devised. Besides, the caching

deployment is also included in the resource alloca-

tion scheme. The procedure of resource allocation is

presented in Figure 3. Figure 3 illustrates procedures

of resource optimization including subchannel alloca-

tion, power control, and caching deployment in the ar-

chitecture. Firstly, each user terminal occupies only

one subchannel and obtains equal power. Then the

number of iterations Tmax and Lagrangian variables

vectors {λ,µ, υ} are initialized. Each LEO satel-

lite deploys the caching via popular analysis. Subse-

quently, the algorithm does not stop iteration until the

convergence or reaches to Tmax. During the loop, the

subchannel scheduling factor xm,n,q and power con-

trol factor pm,n,q updates by Eq. (11) and Eq. (13),

respectively. Lagrangian variables vectors {λ,µ, υ}

updated by Eq. (14) and Eq. (15). And then the ca-

pacity of the whole network systems is calculated. If

the total capacity of the networks convergence, the al-

gorithm terminates and jumps out of this loop. The

resource optimization and its corresponding solution

are obtained. The simulation results and discussion

section scrutinizes and expounds the results of the pro-

posed algorithms via simulation results.

IV. INTERFERENCE MANAGEMENT

SCHEME IN ULTRA DENSE

SATELLITE-ENABLED 6G NET-

WORKS

To mitigate the spectrum scarcity, the cognitive

terrestrial-satellite networks have been emerged as

one of promising approaches. This technique can

be regarded as the extension of cognitive radio in

terrestrial-satellite networks, where the primary net-

works share spectrum with secondary networks. The

users in these two networks are considered as the

primary users (PUs) and secondary users (SUs).

The functions of the cognitive integrated terrestrial-

satellite networks are spectrum awareness and spec-

trum exploitation. Spectrum awareness obtains rele-

vant information of the surroundings, and spectrum

exploitation distributes the available resources opti-

mally among the SUs [32].

At present, the academics and industries mainly pay

attention to the spectrum reuse of satellite and ter-

restrial networks. In this paper, cognitive integrated

terrestrial-satellite networks equip the LEO satellites

with spectrum sensing. Each LEO satellite makes de-

cisions to judge whether or not the subchannels are va-

cant via the information of spectrum awareness. Due

to long latency or estimation errors, it is difficult to

achieve perfect spectrum sensing of downlink of cog-

nitive integrated terrestrial-satellite networks. In addi-

tion, compared with the certain decay in GSO satel-

lites, the Doppler shifts [12] will also aggravate the

complexity of obtaining the perfect spectrum informa-

tion. In this imperfect situation, the interference power

constraint can not guarantee the QoS of PUs.

Based on the discussion above, the imperfect spec-
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Figure 3. The procedures of resource optimization.

trum sensing of LEO satellites may lead to severe co-

tier and cross-tier interference in the whole system,

which is from other LEO satellites and from remote

GSO satellites respectively. The cross-tier interference

will be influenced by two cases. Ĥo
q and Ĥv

q are intro-

duced to symbolize the hypothesis of subchannel q’s

occupation and vacant by the GSO satellite, respec-

tively. And Ho
q is denoted as the real result of sub-

channel q’s occupation. A situation that the determi-

nation is occupied while a subchannel is vacant in a

primary network is called false alarm. The false alarm

probability Pr
{
Ĥv

q

∣∣Ho
q

}
is calculated as

Pr
{
Ĥv

q

∣∣Ho
q

}
=

(
1− spq

)
sfq

(1− spq) s
f
q +

(
1− smq

)
spq
. (19)

Accordingly, A situation that the determination is oc-

cupied while a subchannel is occupied in a primary

network is defined as a correct detection. This situa-

tion Pr
{
Ĥo

q

∣∣Ho
q

}
is calculated as

Pr
{
Ĥo

q

∣∣Ho
q

}
=

(
1− smq

)
spq

(1− spq) s
f
q +

(
1− smq

)
spq
, (20)

where spq and is the probability of GSO’s occupation of

subchannel q. And sfq and smq is denoted as the prob-

abilities of the false alarm and misdetection on sub-

channel s, respectively. Taking these two cases into

consideration, the interference power threshold can be

obtained, instead of the initial value. Under the ac-

tion of large propagation delay, the outdated spectrum



information is inapplicable to real-time interference.

Icrossm,n,q = pm,n,q

(∑
s∈Nv Pr

{
Ĥv

q

∣∣Ho
q

}
Iqm,n,i

+
∑

q∈No Pr
{
Ĥo

q

∣∣Ho
q

}
Iqm,n,i

)
.

(21)

Thus, a probabilistic approach with the transmit-

ted power Ps is adopted, and the Ps equals mini-

mum among the quotient of pre-calculated interfer-

ence power constraint divided by the channel gain of

interference links and the maximum allowable trans-

mit power.

Based on the above analysis, the constraint C7 is

presented to limit the cross-layer interference from

GSO satellites. We denote Icrossth as the cross-layer

interference temperature threshold and the constraint

is given by

C8 :
∑M

m=1

∑N

n=1
Icrossm,n,q < Icorssth , ∀q. (22)

Besides, the co-tier interference form neighboring

LEO satellites is also considered. Similar to Icrossth ,

the co-tier interference limit is denoted as Icorssth .

C9 :
∑M

m′ ̸=m

∑N
n′ ̸=n xm′,n′,q·

pm′,n′,q|hm′,n,q|
2 < Icoth , ∀q.

(23)

These two constraints C7 and C8 discussed above

added to the proposed algorithm of resource alloca-

tion, there are two Lagrangian multiplier vectors cor-

respondingly. Meanwhile, comprehensive utilization

of all subchannels boosts the total capacity of the net-

works.

V. SIMULATION RESULTS AND DISCUS-

SIONS

In this section, simulation results and discussion are

presented. The simulation environment is deployed in

Matlab 2019. The number of LEO satellites ranges

from 1 to 30. The bandwidth B equals to 10 MHz. The

initial transmit power of LEO satellites Ps1 equals 14.3

dBW [33], and that of GSO satellites Ps2 is 15.2 dBW

[34]. The height of LEO satellite and GSO satellite are

set as 1, 000 km and 36, 000 km, respectively.
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Figure 4. Total capacity vs. the number of user terminals

of LEO satellites.
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Figure 4 shows the total capacity versus the num-

ber of LEO satellite’s user terminals. As it shows in

Figure 4, the total capacity increases when the num-

ber of the LEO satellite’s user terminals grows. The

comparison between “with ultra-dense satellite” and

“without ultra-dense satellite” have been added in Fig-

ure 4. There are 30 LEO satellites deployed in sce-

nario “with ultra-dense satellite” and 3 LEO satellites

deployed in scenario “without ultra-dense satellite”. It

can be seen that the proposed method is superior to the

current QoS-guarantee method. Through both of per-

formances of two methods, “with ultra-dense satellite”

quite obtained more capacity in the total systems. It

can ensure the higher rate requirement in the satellite-

enabled 6G networks.

However, Figure 5 illustrates the total capacity ver-

sus the number of the LEO satellites. The number of



Table 1. The differences in four typical application scenarios.

Application scenarios Scale of terminals Density of terminals Caching deployment

The aspects of core networks thousands dense without caching

The aspects of metropolitan areas thousands dense with caching

The aspects of remote areas hundreds sparse without caching

The aspects of seas or air hundreds dense with caching
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Figure 6. Total capacity vs. the number of LEO satellites.

LEO satellites’ user terminals is 10. In terms of spec-

trum efficiency, interior-point-method power control

is compared with the proposed method and the QoS-

guarantee method, in which the MAX-SINR algorithm

[35] allocates subchannels. Figure 5 suggests that

better spectrum efficiency is more achievable by the

proposed Lagrangian dual decomposition method than

interior-point method or the QoS-guarantee method.

It is obvious that the proposed Lagrangian dual de-

composition method is superior to the QoS-guarantee

method according to Figure 4 and Figure 5. Thus, the

proposed method is more applicable to the networks,

on the premise that algorithm complexity is less in-

volved in the scheme.

Figure 6 shows the total capacity versus the number

of LEO satellites, comparing the mentioned four typ-

ical application simulation results. The different sim-

ulation features are listed in Table 1. Owing to the

adequate computation and storage performance, the

core networks do not require the caching deployment.

On the other hand, the aspects of remote areas is so

sparsely populated that caching deployment is unnec-

essary. The main difference between the aspects of

remote areas and the aspects of seas or air depends on
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Figure 7. Cross-tier interference from GSO satellite to user

terminals in each subchannel.

the density of terminals. The number of LEO satel-

lites’ user terminals is set as 100 in the aspects of core

networks and the aspects of metropolitan areas. Nev-

ertheless, the number of LEO satellites’ user terminals

is set as 10 in the aspects of remote areas and 30 in

the aspects of seas or air. The caching deployment

is added in the aspects of core networks and the as-

pects of seas or air. The popularity profile δ is set

as 1 in Eq. (16). It can be seen that the aspects of

core networks do not need too high backhaul capacity

because of the predominant performance of comput-

ing and storage. Meanwhile, the aspect of remote ar-

eas also do not need the backhaul capacity because of

the sparse population. On the contrary, the aspects of

metropolitan areas acquire higher capacity due to the

dense user terminals, seas or air as well.

Figure 7 shows cross-tier interference from GSO

satellite to user terminals when the maximal trans-

mit power of per LEO satellite Ps2 increases from 10

dBW to 20 dBW. The simulation parameters are set as

M = 10 and N = 10. The QoS-guarantee method and

the equal-power method are introduced to compared

with the proposed method. Different from the referred
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Figure 8. Co-tier interference from other LEO satellites to

user terminals in each subchannel.

methods, the proposed method obtains the decrease of

cross-tier interference with the gradual increase of the

maximal transmit power of per LEO satellite Ps2. And

it can be seen that the proposed method is superior

to the QoS-guarantee method when Ps2 reaches to 16

dBW. Thus, the proposed Lagrangian dual decompo-

sition method is more practical to the higher transmit

power Ps2.

Figure 8 shows that the co-tier interference suffered

in each subchannel from LEO satellites when maxi-

mum transmit power of LEO satellites Ps2 increases

from 10 dBW to 20 dBW, while the number of user

terminals per LEO N = 10 and the number of LEO

satellites M = 10. Figure 8 illustrates that the pro-

posed method of co-tier channel gain at LEO satellites

sites results in a lower co-tier interference than the

QoS-guarantee method, and the co-tier interference

will increase with P2s increasing. Similar to the cross-

tier interference from GSO satellite, the proposed La-

grangian dual decomposition method is also suitable

for the higher transmit power Ps2 in terms of co-tier

interference.

VI. OPEN ISSUES AND CHALLENGES

With the complementary use of satellite networks be-

tween and terrestrial networks, cognitive integrated

terrestrial-satellite networks outperform most of tra-

ditional networks. However, there are still many

open issues and challenges emerging from ultra dense

satellite-enabled 6G networks. 1) Deep sea or space

scenarios: The high Doppler effect triggered by the

presence of high-speed mobility and the cost of APs.

2) The coordination of orbits among GSO satel-

lites and other NGSO satellites. A much-anticipated

scheme is required to coordinate the increasing con-

nection of satellites, and advanced versions of this

architecture are needed to involve more and more

satellites in medium earth orbit, which suggest di-

rections for future research. 3) A unified standard

of interference management between cognitive inte-

grated terrestrial-satellite networks and traditional ter-

restrial networks. Multi-faceted factors are closely

related to the interference in cognitive integrated

terrestrial-satellite networks, which complicates inter-

ference management further. The implementation of

unified standards is a massive leap to advance the next

generation networks.

VII. CONCLUSION

The opening section of the paper lays out the de-

ployment scenarios and the architecture of ultra dense

satellite-enabled 6G heterogeneous networks. Com-

plemented by each other, GSO satellites and LEO

satellites system ensure the seamless communication

on the ground, in cooperation with traditional cellu-

lar terrestrial networks. Grounded on the the current

research, a three-layer caching deployment scheme

combined with SMEC is highlighted. Additionally, re-

source optimization and interference management are

conducted by convex optimization. Simulation results

clearly verify the advantages of the proposed algo-

rithms over existing algorithms.

ACKNOWLEDGEMENT

This work was supported in part by the National

Key R&D Program of China (2020YFB1806103), the

National Natural Science Foundation of China un-

der Grant 62225103 and U22B2003, Beijing Natu-

ral Science Foundation (L212004), and China Univer-

sity Industry-University-Research Collaborative Inno-

vation Fund (2021FNA05001).

References

[1] W. Saad, M. Bennis, et al., “A vision of 6g wireless systems:

Applications, trends, technologies, and open research prob-

lems,” IEEE Network, vol. 34, no. 3, pp. 134–142, 2019.



[2] H. Zhang, Y. Duan, et al., “Energy efficient resource allo-

cation in terahertz downlink noma systems,” IEEE Trans-

actions on Communications, vol. 69, no. 2, pp. 1375–1384,

2020.

[3] S. Zhang, M. Li, et al., “Airis: Artificial intelligence en-

hanced signal processing in reconfigurable intelligent sur-

face communications,” China Communications, vol. 18,

no. 7, pp. 158–171, 2021.

[4] L. U. Khan, S. R. Pandey, et al., “Federated learning for

edge networks: Resource optimization and incentive mech-

anism,” IEEE Communications Magazine, vol. 58, no. 10,

pp. 88–93, 2020.

[5] X. Fang, W. Feng, et al., “5g embraces satellites for 6g ubiq-

uitous iot: Basic models for integrated satellite terrestrial

networks,” IEEE Internet of Things Journal, vol. 8, no. 18,

pp. 14 399–14 417, 2021.

[6] P. Deyi, A. Bandi, et al., “Hybrid beamforming,

user scheduling, and resource allocation for integrated

terrestrial-satellite communication,” IEEE Transactions on

Vehicular Technology, 2021.

[7] M. Sheng, D. Zhou, et al., “6g service coverage with mega

satellite constellations,” China Communications, vol. 19,

no. 1, pp. 64–76, 2022.

[8] X. Zhu, C. Jiang, et al., “Cooperative multigroup mul-

ticast transmission in integrated terrestrial-satellite net-

works,” IEEE Journal on Selected Areas in Communica-

tions, vol. 36, no. 5, pp. 981–992, 2018.

[9] O. Maraqa, A. S. Rajasekaran, et al., “A survey of rate-

optimal power domain noma with enabling technologies of

future wireless networks,” IEEE Communications Surveys

& Tutorials, vol. 22, no. 4, pp. 2192–2235, 2020.

[10] M. Collins and M. J. Collins, A telephone for the world:

Iridium, motorola, and the making of a global age. JHU

Press, 2018.

[11] J. C. McDowell, “The low earth orbit satellite population

and impacts of the spacex starlink constellation,” The Astro-

Physical Journal Letters, vol. 892, no. 2, p. 36, 2020.

[12] Y. Su, Y. Liu, et al., “Broadband leo satellite communica-

tions: Architectures and key technologies,” IEEE Wireless

Communications, vol. 26, no. 2, pp. 55–61, 2019.

[13] H. Zhang, N. Liu, et al., “Energy efficient subchannel and

power allocation for software-defined heterogeneous vlc

and rf networks,” IEEE Journal on Selected Areas in Com-

munications, vol. 36, no. 3, pp. 658–670, 2018.

[14] H. Cui, J. Zhang, et al., “Space-air-ground integrated net-

work (sagin) for 6g: Requirements, architecture and chal-

lenges,” China Communications, vol. 19, no. 2, pp. 90–108,

2022.

[15] W. Teng, M. Sheng, et al., “Joint optimization of base sta-

tion activation and user association in ultra dense networks

under traffic uncertainty,” IEEE Transactions on Communi-

cations, 2021.

[16] B. Di, H. Zhang, et al., “Ultra-dense leo: Integrating

terrestrial-satellite networks into 5g and beyond for data of-

floading,” IEEE Transactions on Wireless Communications,

vol. 18, no. 1, pp. 47–62, 2018.

[17] Z. Zhang, W. Zhang, et al., “Satellite mobile edge comput-

ing: Improving qos of high-speed satellite-terrestrial net-

works using edge computing techniques,” IEEE Network,

vol. 33, no. 1, pp. 70–76, 2019.

[18] S. K. Sharma, S. Chatzinotas, et al., “In-line interference

mitigation techniques for spectral coexistence of geo and

ngeo satellites,” International Journal of Satellite Commu-

nications and Networking, vol. 34, no. 1, pp. 11–39, 2016.

[19] Z. Ji, S. Wu, et al., “Popularity-driven content placement

and multi-hop delivery for terrestrial-satellite networks,”

IEEE Communications Letters, 2021.

[20] C. Qiu, H. Yao, et al., “Deep q-learning aided networking,

caching, and computing resources allocation in software-

defined satellite-terrestrial networks,” IEEE Transactions on

Vehicular Technology, vol. 68, no. 6, pp. 5871–5883, 2019.

[21] S. Fu, J. Gao, et al., “Integrated resource management for

terrestrial-satellite systems,” IEEE Transactions on Vehicu-

lar Technology, vol. 69, no. 3, pp. 3256–3266, 2020.

[22] Y. Ruan, Y. Li, et al., “Energy efficient power allocation

for delay constrained cognitive satellite terrestrial networks

under interference constraints,” IEEE Transactions on Wire-

less Communications, vol. 18, no. 10, pp. 4957–4969, 2019.

[23] O. Y. Kolawole, S. Vuppala, et al., “On the performance

of cognitive satellite-terrestrial networks,” IEEE Transac-

tions on Cognitive Communications and Networking, vol. 3,

no. 4, pp. 668–683, 2017.

[24] S. Shi, G. Li, et al., “Optimal power control for real-time ap-

plications in cognitive satellite terrestrial networks,” IEEE

Communications Letters, vol. 21, no. 8, pp. 1815–1818,

2017.

[25] D. Zhou, M. Sheng, et al., “Machine learning based re-

source allocation in satellite networks supporting internet

of remote things,” IEEE Transactions on Wireless Commu-

nications, 2021.

[26] J. Christensen, “Itu regulations for ka-band satellite net-

works,” in 30th AIAA International Communications Satel-

lite System Conference (ICSSC), p. 15179, 2012.

[27] L. J. Ippolito Jr, Satellite communications systems engineer-

ing: Atmospheric effects, satellite link design and system

performance. John Wiley & Sons, 2017.

[28] E. Lutz, D. Cygan, et al., “The land mobile satellite commu-

nication channel-recording, statistics, and channel model,”

IEEE Transactions on Vehicular Technology, vol. 40, no. 2,

pp. 375–386, 1991.

[29] S. Boyd, S. P. Boyd, et al., Convex optimization. Cam-

bridge University Press, 2004.

[30] E. Bastug, M. Bennis, et al., “Living on the edge: The role

of proactive caching in 5g wireless networks,” IEEE Com-

munications Magazine, vol. 52, no. 8, pp. 82–89, 2014.

[31] H. Zhou, T. Wu, et al., “Incentive-driven deep reinforcement

learning for content caching and d2d offloading,” IEEE

Journal on Selected Areas in Communications, 2021.

[32] K. Tekbıyık, O. Akbunar, et al., “Spectrum sensing and sig-

nal identification with deep learning based on spectral cor-

relation function,” IEEE Transactions on Vehicular Technol-

ogy, 2021.

[33] ITU, “Coordination of the l5 satellite network in ific

2862,” https://www.itu.int/online/sns/nongeo.sh?sat type=

N&ie=y&ntc id=113520120&categ=C.

[34] ITU, “Coordination of the chnnewsat-g1-118e satellite net-

work in ific 2870,” https://www.itu.int/online/sns/geo.sh?

sat type=G&ie=y&ntc id=117520445&categ=C.

[35] P. Aquilina and T. Ratnarajah, “Performance analysis of ia

techniques in the mimo ibc with imperfect csi,” IEEE Trans-



actions on Communications, vol. 63, no. 4, pp. 1259–1270,

2015.

Biographies

Xiangnan Liu received the BS degree from the

School of Computer and Communication Engi-

neering, University of Science and Technology

of Beijing, Beijing, China, in 2019. He is cur-

rently pursuing his Ph.D. degree at University

of Science and Technology Beijing, China. His

research interests include access control, beam-

forming, and resource allocation in 6G wireless

communication.

Haijun Zhang is currently a Full Profes-

sor and Associate Dean in School of Com-

puter and Communications Engineering at

University of Science and Technology Bei-

jing, China. He serves/served as an Editor of

IEEE Transactions on Communications, and

IEEE Transactions on Network Science and

Engineering. He received the IEEE CSIM

Technical Committee Best Journal Paper Award in 2018, IEEE

ComSoc Young Author Best Paper Award in 2017, IEEE Com-

Soc Asia-Pacific Best Young Researcher Award in 2019. He is a

Distinguished Lecturer of IEEE and a Fellow of IEEE.

Min Sheng received the M.S. and Ph.D.

degrees in communication and informa-

tion systems from Xidian University, Xi’an,

China, in 2000 and 2004, respectively. She

is currently a Full Professor in Xidian Uni-

versity. Prof. Sheng is the Fellow of the

China Institute of Electronics (CIE) and the

Fellow of the China Institute of Communica-

tion (CIC). Her research interests include mobile ad hoc networks,

5G mobile communication systems, and satellite communications

networks.

Wei Li received his Ph.D. degree in commu-

nication and information system from Bei-

jing University of Posts and Telecommunica-

tions (BUPT) in 2013. Now, he is a profes-

sorate senior engineer in Satellite Frequency

and Orbit Resource Agency in the State Ra-

dio Monitoring Center / State Radio Spec-

trum Management Center of China. His cur-

rent research interests include intersystem frequency compatibility

analysis and interference management for space communication

systems.

Saba Al-Rubaye received the Ph.D. degree

in electrical and electronic engineering from

Brunel University London, Uxbridge, U.K.,

in 2013. She is a Reader in Autonomous

and Connected Systems Leading Connectiv-

ity Research and Development at DARTeC

School of Aerospace, Cranfield University,

Bedfordshire. She has published over 20

journals and conference papers in the areas of energy efficiency

and telecommunications. Her research interests include energy ef-

ficient networks, smart grid communications, microgrid, and wire-

less communications. Dr. Al-Rubaye is a member of the IET and

European Technology Platform Photonics 21. She registered as a

Chartered Engineer (CEng) by Engineering Council in the U.K.

and recognized as an Associate Fellow of the British Higher Edu-

cation Academy. She acts as a Reviewer for the IEEE Transactions

on Vehicular Technology and the IEEE Transactions on Control

Systems Technology. Also, she has served on technical program

committees and organizing committees for leading conferences of

several international conferences such as the IEEE GLOBECOM,

IEEE PIMRC, IEEE ICC, IEEE WCNC, and IEEE CIT. She was a

recipient of the Best Paper Award twice from WWRF published in

IEEE Vehicular Technology in 2011 and 2015, respectively.

Keping Long received the M.S. and Ph.D. de-

grees from the University of Electronic Sci-

ence and Technology of China, Chengdu, in

1995 and 1998, respectively. From Septem-

ber 1998 to August 2000, he was a Postdoc-

toral Research Fellow at the National Labora-

tory of Switching Technology and Telecommu-

nication Networks, Beijing University of Posts

and Telecommunications (BUPT), China. From September 2000

to June 2001, he was an Associate Professor at BUPT. From July

2001 to November 2002, he was a Research Fellow with the ARC

Special Research Centre for Ultra Broadband Information Net-

works (CUBIN), University of Melbourne, Australia. He is cur-

rently a professor and Dean at the School of Computer and Com-

munication Engineering, University of Science and Technology

Beijing. He has published more than 200 papers, 20 keynote

speeches, and invited talks at international and local conferences.

His research interests are optical Internet technology, new gener-

ation network technology, wireless information networks, value

added services, and secure technology of networks. Dr. Long has

been a TPC or ISC member of COIN 2003/04/05/06/07/08/09/10,

IEEE IWCN 2010, ICON 2004/06, APOC 2004/06/08, Co-Chair

of the organization Committeefor IWCMC 2006, TPC Chair of

COIN 2005/08, and TPC Co-Chair of COIN 2008/10. He was

awarded by the National Science Fund for Distinguished Young

Scholars of China in 2007 and selected as the Chang Jiang Schol-

ars Program Professor of China in 2008. He is a member of the

Editorial Committees of Sciences in China and China Communi-

cations.



Cranfield University

CERES Research  Repository https://dspace.lib.cranfield.ac.uk/

School of Aerospace, Transport and Manufacturing (SATM) Staff publications (SATM)

Ultra dense satellite-enabled 6G

networks: Resource optimization and

interference management

Liu, Xiangnan

2023-10-01

Attribution-NonCommercial 4.0 International

Liu X, Zhang H, Sheng M, et al., (2023) Ultra dense satellite-enabled 6G networks: Resource

optimization and interference management. China Communications, Volume 20, Issue 10,

October 2023, pp. 262-275

https://doi.org/10.23919/JCC.ea.2021-0740.202302

Downloaded from CERES Research Repository, Cranfield University


