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Abstract—A spectrum-sharing satellite-ground integrated net-
work is conceived, consisting of a pair of non-geostationary
orbit (NGSO) constellations and multiple terrestrial base stations,
which impose the co-frequency interference (CFI) on each other.
The CFI may increase upon increasing the number of satellites.
To manage the potentially severe interference, we propose to rely
on joint multi-domain resource aided interference management
(JMDR-IM). Specifically, the coverage overlap of the constel-
lations considered is analyzed. Then, multi-domain resources -
including both the beam-domain and power-domain - are jointly
utilized for managing the CFI in an overlapping coverage region.
This joint resource utilization is performed by relying on our
specifically designed beam-shut-off and switching based beam
scheduling, as well as on long short-term memory based joint
autoregressive moving average assisted deep Q network aided
power scheduling. Moreover, the outage probability (OP) of
the proposed JMDR-IM scheme is derived, and the asymptotic
analysis of the OP is also provided. Our performance evaluations
demonstrate the superiority of the proposed JMDR-IM scheme
in terms of its increased throughput and reduced OP.

Index Terms—Multi-domain resources allocation, non-
geostationary orbit constellation, outage probability, spectrum
sharing, space-ground integrated network.

I. INTRODUCTION

LOW-Earth-Orbit (LEO) satellites have the potential of

extending the coverage of terrestrial networks, while

maintaining a low propagation delay [1]. Moreover, deploying

base stations onboard of LEO satellites is capable of promptly

setting up a networking infrastructure even in natural disaster

areas. Thus, LEO satellites have attracted extensive research

attention all over the world. Numerous LEO constellations

have been proposed, as exemplified by Telesat [2], Starlink

[3], and OneWeb [4]. These constellations are capable of

simultaneously providing multiple LEO satellite links for
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a single user [5], [6]. Therefore, the power constraint of

conventional small constellations can be readily overcome,

since the required power can be jointly provided by multiple

satellites. However, multiple satellites simultaneously occupy

the spectral resources of a constellation, hence reducing the

spectral efficiency.

Recently, sophisticated spectrum sharing techniques have

emerged as an effective means of addressing the spectrum

scarcity problem [7]. The most popular spectrum sharing

modes are the overlay [8] and the underlay mode [9]. In the

overlay mode, spectrum sharing is performed with the aid

of accurate spectrum sensing and spectrum prediction both

in integrated satellite-terrestrial networks [8], [10], as well

as in integrated geostationary (GEO) and nongeostationary

(NGSO) scenarios [11]. Since spectrum sensing may fail to

work reliably, the potential blind spots of spectrum sensing

were explored for assisting spectrum sharing between GEO

and NGSO scenarios in [12]. These overlay based spectrum-

sharing schemes beneficially exploit the existence of the

spectrum holes. By contrast, spectrum sharing may also be

exploited even in the absence of spectrum holes with the aid of

the underlay mode, albeit at the cost of incurring co-frequency

interference [13], which has to be managed. Hence the un-

derlay mode tends to require a combination of the following

interference-management techniques: accurate power control

[14], frequency hopping [15], sophisticated channel selection

[16], some frequency-reuse planning [17], and refined beam

control [18]. Specifically, a pair of optimal power control

schemes were designed for a LEO satellite constellation

in support of coexistence with terrestrial networks in [14].

Frequency hopping was used for spectrum sharing between

fixed satellite services and tactical data links in [15]. As a

further advance, a game-theory aided channel selection method

was designed to meet the access requirements of primary

and secondary users in [16]. To perform spectrum sharing

for both cellular, as well as NGSO and GEO systems, the

required geographic protection/exclusion-zone of frequency

reuse was calculated in [17]. Furthermore, adaptive beam

control was proposed for managing the interference imposed

on the terrestrial networks by satellites [18].

In contrast to the aforementioned single-dimensional

spectrum-sharing schemes used in the overlay mode, multi-

dimensional scheduling aided spectrum sharing schemes have

also been designed for alleviating the co-frequency interfer-

ence (CFI) [19]–[21]. A joint resource allocation algorithm
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was designed for increasing the throughput [19] by considering

the interbeam interference, as well as the bandwidth allocation

and power allocation. Moreover, sophisticated user association,

bandwidth assignment and power allocation were jointly used

for spectrum sharing in a terrestrial-satellite network [20].

As a further development, a joint beamforming and power

allocation scheme was designed for allowing a satellite net-

work to share its spectrum with a terrestrial network [21]. For

a coexisting LEO and GEO satellite system, a joint power

allocation supported by tight cooperation amongst the LEO

satellites was proposed for managing the interference imposed

on GEO users by the LEO satellites.

Whilst extensive efforts have been invested in supporting

the coexistence of GEO, LEO and terrestrial wireless networks

(CGLT), less attention has been dedicated to satellite-ground

integrated networks (SGIN) relying on multiple NGSO con-

stellations and terrestrial systems. In contrast to the CGLT

scenarios, spectrum-sharing aided NGSO constellations travel

at speed, hence resulting in violently time-varying interfer-

ence. Moreover, NGSO constellations in each other’s vicin-

ity may impose severe CFI on each other’s receivers in

the presence of spectrum sharing, which may be classified

into intra-constellation and inter-constellation (system) inter-

ference. Compared to the inter-constellation CFI, it is less

challenging to manage the intra-constellation CFI, since the

owner has the ability to configure its constellation [22]. To

avoid the inter-constellation CFI, the inter-system interference

of NGSO constellations in coexistence with GEO systems

was analyzed in [22], and the efficiency of low-complexity

interference management schemes was also evaluated. How-

ever, the performance evaluations in [22] indicated that the

existing spectrum regulation schemes may be unable to guar-

antee the target-reliability of the system analyzed. Moreover,

the interference scenario of NGSO satellite communication

systems was analyzed, and the challenges of alleviating the

CFI between NGSO constellations were investigated in [23].

Against the above backdrop, we conceive inter-system in-

terference management techniques for spectrum-sharing aided

SGIN, including a pair NGSO constellations and multiple

terrestrial base stations (BSs). Explicitly, one of the NGSO

constellations, namely NGSO 1, shares its spectrum both with

the other constellation, denoted by NGSO 2, and with the BSs.

Our interference analysis indicates the existence of severe CFI.

To manage the CFI caused by spectrum sharing, an optimiza-

tion problem is formulated for maximizing the throughput of

NGSO 1, whilst still meeting the transmission requirements

of both NGSO 2 and of the BSs. However, it is challenging

to directly solve this complex problem, since it depends on

numerous factors, such as the coverage overlap of NGSO

constellations, the transmit power, on the number of satellites

available, the tele-traffic model, the channel state information

(CSI) and on the transmission requirements. Thus, this exces-

sively complex problem is decoupled. Specifically, we first an-

alyze the coverage overlap between NGSO 1 and NGSO 2. To

further manage the CFI, the beam-domain and power-domain

resources are jointly scheduled for solving the optimization

problem formulated. Additionally, the outage probability of

the associated wireless-transmission links is also evaluated.

The main contributions of this paper are boldly contrasted to

the literature in Table I for visualizing the knowledge-gaps.

Overall, in contrast to [4], [12], [14], [17], [18], [20], [21],

the effects of both the inter-constellation CFI and of the intra-

constellation CFI are analyzed in this paper. To mitigate the

effect of the inter-constellation CFI, multi-domain resources -

including both the beam-domain and power-domain - are used

for meeting the stringent requirements of a spectrum-sharing

SGIN. We characterized them with the aid of their coverage

analysis and their predicted CSI. Moreover, their closed-form

outage probability (OP) and asymptotic OP (AOP) expressions

were derived to assist in evaluating the overall performance of

our proposed scheme. The main contributions of this paper are

summarized as follows.

Firstly, we propose joint multi-domain resource aided in-

terference management (JMDR-IM) for a SGIN, relying on

analyzing the coverage overlap, and on beneficially scheduling

both the beam-domain and power-domain resources. Specif-

ically, the coverage overlap is analyzed for identifying the

potentially interfering satellites, and the alternative satellites

available for substituting these interfering satellites. The equa-

tions derived may be beneficially used for designing a variety

of similar systems. Moreover, the concept of co-frequency

exclusion zone (CFEZ) is conceived.

Secondly, the activation of the beam-domain and power-

domain resources is harmonized for managing the CFI by

relying on our coverage overlap expressions. Specifically,

the beam-domain scheduling based on the shutting off and

switching beams is adopted for eliminating the CFI. Following

the beam-domain scheduling issues, we conceive a long short-

term memory based joint autoregressive moving average and

deep Q network (LSTM-ARMA-DQN) aided power allocation

scheme. Explicitly, this LSTM-ARMA-DQN scheme com-

bines the LSTM-ARMA and the DQN philosophies, where the

LSTM-ARMA is used for predicting the CSI of the satellite

links, while the DQN is harnessed for optimizing the transmit

power of our SGIN.

Thirdly, we present the OP and the AOP analysis of the pro-

posed JMDR-IM scheme. Closed-form expressions are derived

for the SGIN considered. Moreover, the asymptotic analysis of

the OP and the AOP are also provided for further evaluating

the performance of the proposed JMDR-IM scheme, and for

verifying the accuracy of the OP and the AOP expressions

derived.

Finally, we show that the proposed JMDR-IM scheme

achieves a higher throughput despite its lower OP than that

of the conventional pure stand-alone power allocation using

fixed beams (PPAFB). Furthermore, the proposed JMDR-IM

scheme maintains a high signal-to-interference plus noise ratio

(SINR), which is achieved through tracking the dynamically

fluctuating CFI of a SGIN.

The remainder of the paper is as follows. In Section II,

we briefly present our system model, coverage analysis and

the co-frequency exclusion zone concept. In Section III, we

propose the JMDR-IM scheme, including our beam shut-off

and beam-switching based scheduling, as well as the LSTM-

ARMA-DQN based power allocation. In Section IV, we derive

the OP of the proposed JMDR-IM scheme, while in Section
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TABLE I
BOLDLY CONTRASTING OUR NOVELTY TO THE EXISTING LITERATURE

[4] [12] [14] [17] [18] [20] [21] Our Work

Spectrum sharing X X X X X X X XXX

Among satellites (e.g., GEO and LEO, LEO and LEO) X X X X XXX

Satellites in coexistence with terrestrial systems X X X X XXX

SGIN including GEO, LEO and terrestrial systems X XXX

Coverage analysis XXX

Power control X X X XXX

Beam control X X X XXX

Deep learning and CSI prediction aided resource scheduling XXX

Outage probability analysis X X XXX

Asymptotic outage probability analysis XXX

V we conclude. The main variables and symbols used in this

paper is listed in Table II for easy reference.

TABLE II
VARIABLE AND SYMBOLS LIST

Notation Definition

NGSO 1, NGSO 2 NGSO constellations

N1n, N2m NGSO satellites

BSi, BSz Terrestrial base station (BS)

p(N1n), p(N2m) and p(BSi) Locations of the NGSO satellites, and of the

terrestrial BS

p(Uk
N1), p(Uj

N2
), and p(Ut

BS) Locations of users for the NGSO satellites,

and of users for the terrestrial BS

Uk
N1, Uj

N2
and Ut

BS Users of satellites and BSs

{laN1n
, loN1n

}, {la
Uk
N1

, lo
Uk
N1

},

{laN2m
, loN2m

}, {la
U
j
N2

, lo
U
j
N2

},

{laBSi
, loBSi

}, {la
Ut
BS

, lo
Ut
BS

} Latitude and longitude

Pn, Pm, Pi, Pz ,

P o
n , P o

m, P o
i , P o

z Transmit power

hnk , hmk , hik , hmj , hnj , hij

hit, hzt, hnt, hmt Instantaneous CSI

LS
nk , LS

mk , LS
ik , LS

mj , LS
nj ,

LS
ij , LS

it, LS
zt, LS

nj , LS
mj Free-space loss

Gt

nUk
N1

, Gr

nUk
N1

, Gt

mUk
N1

,

Gr

mUk
N1

, Gt

mU
j
N2

, Gr

mU
j
N2

,

Gt

nU
j
N2

, Gr

nU
j
N2

, Gt

nUt
BS

,

Gt

mUt
BS

Antenna gain

xn
N1, xm

N2, xi
BS, xz

BS Transmitted signals

αm, αn Traffic states

nk , nj , nt Gaussian noise

NS1, NS2, NS3, NS4,

N
′

S1, N
′

S2, N
′

S3, N
′

S4 The number of interfering satellites

blN1n
Satellites’ beams

Φ
N2m→Uk

N1
, Φ

N2m→U
j
N2

,

Φ
N2m→Ut

BS
, Φ

N1n→Uk
N1

,

Φ
N1n→U

j
N2

, Φ
N1n→Ut

BS
Satellites’ sets of covering users

Pmax
NGSO1, Pmax

NGSO2, Pmax
BS Maximum available transmit power

LEO, GEO Low-Earth-Orbit, Geostationary

NGSO Nongeostationary

SGIN Satellite-ground integrated network

CFI, CSI Co-frequency interference, Channel state in-

formation

CFEZ Co-frequency exclusion zone

JMDR-IM Joint multi-domain resource aided interfer-

ence management

LSTM-ARMA-DQN Long short-term memory based joint autore-

gressive moving average and deep Q network

PPAFB Pure stand-alone power allocation using fixed

beams

OP, AOP Outage probability, Asymptotic outage prob-

ability

SINR Signal-to-interference plus noise ratio

II. SYSTEM MODEL AND COVERAGE ANALYSIS

A. System Model

As shown in Fig. 1, we investigate a spectrum-sharing

SGIN, composed of two LEO constellations, represented by

N1n and N2m, and multiple terrestrial BSs, denoted by BSi,
where 1 ≤ n ≤ N , 1 ≤ m ≤ M , 1 ≤ i ≤ NB . Explicitly, N ,

M and NB are the number of NGSO 1 satellites, of NGSO 2

satellites and of the BSs, respectively. Moreover, their users are

denoted by Uk
N1, Uj

N2 and Ut
BS, where 1 ≤ k ≤ K, 1 ≤ j ≤ J

and 1 ≤ t ≤ Nt. Furthermore, K, J and Nt are the number

of users of the NGSO 1, of the NGSO 2 and of the BSs,

respectively. The location of each satellite is represented by

the latitude and the longitude. Thus, given the n-th satellite

of NGSO 1 and the k-th user, their locations are p(N1n) =
{laN1n

, loN1n
} and p(Uk

N1) = {la
Uk

N1

, lo
Uk

N1

}. Similarly, given the

m-th satellite of NGSO 2 and the j-th user, their locations

are p(N2m) = {laN2m
, loN2m

} and p(Uj
N2) = {la

Uj

N2

, lo
Uj

N2

}. Let

p(BSi) = {laBSi
, loBSi

} and p(Ut
BS) = {laUt

BS

, loUt
BS

} denote the

locations of the i-th BS and its t-th user, respectively. We also

assume that the channel spanning from any satellite to any

user is accurately represented by a Shadowed-Rician fading

model [24]. Moreover, we use a Rayleigh fading channel for

modeling all the links between any BS and any user. We

also use a Poisson model for characterizing the tele-traffic of

both NGSO 1 and NGSO 2 [25]. Furthermore, we consider a

scenario, where NGSO 1 and NGSO 2 occupy two different

orbits, and they are equipped with switchable multi-beam

antennas capable of pointing in specific directions [26].

As shown in Fig. 1, we assume that the multi-color multi-

beam frequency-reuse scheme is employed by both NGSO 1

and NGSO 2. For notational convenience, we consider single-

color beams for representing all multi-color beams as an

example, but all remaining beams can be expressed similarly.

We assume that given the n-th satellite, a beam of this satellite

transmits its signal to the k-th user of NGSO 1, thus the signal

received at Uk
N1 is given by

yUk
N1

=
√

PnGt
nUk

N1

Gr
nUk

N1

LS
nkhnkx

n
N1+

∑

i∈ΦBS

√

PiLS
ikhikx

i
BS

+

NS1
∑

m=1

√

αmPmGt
mUk

N1

Gr
mUk

N1

LS
mkhmkx

m
N2 + nk, (1)

where Pn, Pm and Pi denote the transmit power of N1n,

N2m and BSi, respectively. Furthermore, xn
N1, xm

N2 and xi
BS
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1N1

N1n

N1N

1N2

N2m

N1U
N2U

BS BSU

N2M

Fig. 1. A spectrum-sharing SGIN, including a pair of NGSO constellations
and multiple terrestrial BSs.

respectively denote the random symbols transmitted by the n-

th satellite of NGSO 1, the m-th satellite of NGSO 2 and

the i-th BS of the BS set. We also assume E[|xn
N1|

2] =
E[|xm

N2|
2] = E[|xi

BS|
2] = 1, where E[·] represents the

expected value. The variable NS1 represents the number of

satellites imposing interference on Uk
N1, while nk is the zero-

mean noise received at Uk
N1 having a variance of kBBnTn,

with kB , Bn and Tn denoting the Boltzmann constant, the

transmission bandwidth of N1n’s beam and the equivalent

noise temperature, respectively. The variables hnk, hmk and

hik denote the instantaneous CSI of the links spanning from

N1n to Uk
N1, from N2m to Uk

N1 and from BSi to Uk
N1,

respectively. Additionally, LS
nk, LS

mk and LS
ik represent the

free-space loss of the N1n-Uk
N1, N2m-Uk

N1 and BSi-U
k
N1

links [40], while αm represents the traffic state of N2m’s

beam, where the traffic state is assumed to obey the Poisson

distribution [25]. If there is no tele-traffic during a given trans-

mission slot, we have αm = 0. Otherwise, we have αm = 1.

Furthermore, Gd
ab denotes the antenna gain of the satellites and

their users, and we have Gd
ab = G0[

J1(µ)
2µ + 36J3(µ)

µ3 ]2 [21],

where µ = 2.07123 sin(θ)/sin(θ3dB), θ and θ3dB respectively

represent the off-boresight angle and the 3 dB angle. In

this antenna-gain expression, J1 and J3 denote the Bessel

functions of the first order and the third order, respectively,

while G0 = ξ(πDe

c/f )2, De, c, f and ξ respectively denote the

antenna diameter, the light velocity, the frequency band and

the antenna efficiency. Finally, a ∈ {n,m}, b ∈ {Uj
N2,U

k
N1},

d ∈ {t, r} and e ∈ {N1n,N2m,UN1k
,UN2j

}.

Similarly, given the m-th NGSO 2 satellite and the j-th

NGSO 2 user, the signal received at Uj
N2 is formulated as

yUj

N2

=
√

PmGt

mUj

N2

Gr

mUj

N2

LS
mjhmjx

m
N2+

∑

i∈ΦBS

√

PiLS
ijhijx

i
BS

+

NS2
∑

n=1

√

αnPnGt

nUj

N2

Gr

nUj

N2

LS
njhnjx

n
N1 + nj , (2)

where NS2 is the number of satellites imposing interference on

Uj
N2. In (2), nj is the noise received at Uj

N2 having a zero mean

and a variance of kBBmTn, Bm is the transmission bandwidth

of N2m’s beam. Furthermore, hmj , hnj and hij represent the

CSIs of the links from N2m to Uj
N2, from N1n to Uj

N2 and

from BSi to Uj
N2, respectively. Still referring to (2), LS

mj ,

LS
nj and LS

ij represent the free-space loss of the N2m-Uj
N2,

N1n-Uj
N2 and BSi-U

j
N2 links. Similarly to αm, αn denotes

the traffic state of N1n’s beam, and we have αn ∈ {0, 1}.

To elaborate further, the signal received at Ut
BS and trans-

mitted by BSi is written as

yUt
BS

=
√

PiLS
ithitx

i
BS +

NS3
∑

n=1

√

αnPnGt
nUt

BS

LS
nthntx

n
N1

+

NS4
∑

m=1

√

αmPmGt
mUt

BS

LS
mthmtx

m
N2

+
∑

z∈ΦBS,z 6=i

√

PzLS
zthztx

z
BS + nt, (3)

where NS3 and NS4 respectively denote the number of NGSO

1 satellites and NGSO 2 satellites imposing interference on

Ut
BS. Furthermore, nt is the noise received at Ut

BS having a

zero mean and a variance of σ2
n. In (3), hit, hzt, hnt and

hmt represent the CSIs of the links spanning from BSi to

Ut
BS, from BSz to Ut

BS, from N1n to Ut
BS and from N2m to

Ut
BS, respectively. Moreover, LS

it, L
S
zt, L

S
nj , and LS

mj represent

the free-space loss of the BSi-U
t
BS, BSz-Ut

BS, N1n-Ut
BS and

N2m-Ut
BS links, respectively. Moreover, in (3), the inter-cell

CFI is considered [37], [38].

Thus, using (1), (2) and (3), we can express the SINR of

the N1n-Uk
N1, N2m-Uj

N2 and BSi-U
t
BS links as

SINRUk
N1

=

PnG
t
nUk

N1

Gr
nUk

N1

LS
nk|hnk|

2

NS1
∑

m=1
αmPmGt

mUk
N1

Gr
mUk

N1

LS
mk|hmk|

2
+
∑

i∈ΦBS

PiLS
ik|hik|

2
+kBBnTn

(4)

and

SINRUj

N2

=

PmGt

mUj

N2

Gr

mUj

N2

LS
mj |hmj |

2

NS2
∑

n=1
αnPnGt

nUj

N2

Gr

nUj

N2

LS
nj |hnj|

2
+
∑

i∈ΦBS

PiLS
ij|hij |

2
+kBBmTn

(5)
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and

SINRUt
BS

=

PiL
S
it|hit|

2

NS3
∑

n=1
αnPnLS

nt|hnt|
2
+
NS4
∑

m=1
αmPmLS

mt|hmt|
2
+
∑

z∈ΦBS,z6=i

PzLS
zt|hzt|

2
+σ2

n

.(6)

Generally, although the spectrum sharing between NGSO 1

and NGSO 2 is capable of improving the spectrum efficiency,

the coverage overlap between NGSO 1 and NGSO 2 may im-

pose severe interference. As shown in Fig. 2, this interference

is analyzed for a pair of NGSO constellations, wherein C/N
and C/(I+N) denote the carrier to noise ratio, and carrier-to-

interference plus noise ratio, respectively. Observe from Fig. 2

that NGSO 2 may impose excessive interference on NGSO 1,

which fluctuates as these satellites move.

0 500 1000 1500 2000 2500 3000 3500

Time (s)

-10

-5

0

5

10

15

20

C
/(

I+
N

) 
(d

B
)

C/N

C/(N+I)

Fig. 2. Co-frequency interference at a typical NGSO 1 imposed by a
spectrum-sharing NGSO 2, where the number of satellites in NGSO 1 and
NGSO 2 are 648 and 1584, respectively.

As shown in Fig. 3, the intra-constellation CFI of both

NGSO 1 and NGSO 2 exist, when the four-color frequency-

reuse (FR4) multibeam scheme [27] is adopted. By contrast,

the intra-constellation CFI of both NGSO 1 and NGSO 2 be-

comes negligible in the presence of the seven-color frequency-

reuse (FR7) multibeam scheme [28] as shown in Fig. 3. This

beneficial result is achieved, since the reuse protection distance

of the same frequency is high enough. We should point out

that the inter-constellation CFI is neglected in Fig. 3, and we

only take the intra-constellation CFI into account. By contrast,

the inter-constellation CFI may be more severe than the intra-

constellation CFI. Thus, we focus our attention on the inter-

constellation CFI in this paper.

B. Coverage Analysis

In this subsection, we analyze the satellite coverage. Given

the l-th beam of the satellite N1n, denoted by blN1n
, its

coverage is shown in Fig. 4.

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

26

28

30

32

C
/I
+

N
 (

d
B

)

NGSO1

C/N

C/(I+N) (FR7)

C/(I+N) (FR4)

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

20

22

24

26

28

30

C
/I
+

N
 (

d
B

)

NGSO2

C/N

C/(I+N) (FR7)

C/(I+N) (FR4)

Fig. 3. Intra-constellation co-frequency interference at a typical NGSO 1
and NGSO 2, wherein the FR4 multibeam and the FR7 multibeam are
respectively analyzed, the number of satellites in NGSO 1 and NGSO
2 are respectively 648 and 1584, and the inter-constellation co-frequency
interference is neglected.

N1n

Z
Y

X

X ¢

N1n

lb
N2U j

N1 N2
U jl
n

b
q

O

Fig. 4. The coverage analysis for an NGSO 1 satellite.

Given N1n and Uj
N2, the condition of N1n covering Uj

N2

can be summarized as

CN1nU
j

N2

=
{(

la
Uj

N2

, lo
Uj

N2

, loN1n

)

:

θE
(

la
Uj

N2

, lo
Uj

N2

, loN1n

)

> 0◦

&θA
(

la
Uj

N2

, lo
Uj

N2

, loN1n

)

∈ [−180◦, 180◦]

&dN1nU
j

N2

≤ dmax
N1n &θ

bl
N1n

Uj

N2

≤
θBW

2

}

, (7)

where θE(la
Uj

N2

, lo
Uj

N2

, loN1n
) and θA(la

Uj

N2

, lo
Uj

N2

, loN1n
) denote

the elevation angle and the azimuth angle from Uj
N2 to N1n,

respectively. Furthermore, dN1nU
j

N2

is the distance between

N1n and Uj
N2, while dmax

N1n
represents the distance between

N1n and the border of its beam blN1n
. Still referring to the

above equation, θBW is the covering angle of a beam of

the N1n, and θ
bl
N1n

Uj

N2

denotes the angle between the link

N1n → the center of blN1n
and the link N1n → the Uj

N2.
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Similarly, given N1n, N2m, Uk
N1, and Ut

BS, the conditions of

N2m covering Uk
N1, of N1n covering Ut

BS, of N2m covering

Ut
BS can be summarized.

To elaborate further, given Uk
N1, Uj

N2 and Ut
BS, us-

ing the above coverage conditions, the NGSO 2 satel-

lite set ΦN2m→Uk
N1

covering Uk
N1, the NGSO 2 satel-

lite set ΦN2m→Uj

N2

covering Uj
N2, the NGSO 2 satellite

set ΦN2m→Ut
BS

covering Ut
BS, the NGSO 1 satellite set

ΦN1n→Uk
N1

covering Uk
N1, the NGSO 1 satellite set ΦN1n→Uj

N2

covering Uj
N2 and the NGSO 1 satellite set ΦN1n→Ut

BS
cover-

ing Ut
BS can finally be obtained. By exploiting the number of

satellites in the sets ΦN2m→Uk
N1

, ΦN1n→Uj

N2

, ΦN1n→Ut
BS

and

ΦN2m→Ut
BS

, NS1, NS2, NS3 and NS4 can also be found.

C. Co-Frequency Exclusion Zone

Based on the above coverage analysis, we exploit the CFEZ

for CFI management, especially for managing the co-line

interference. Specifically, a pair of spectrum-sharing satellites

in a CFEZ may impose excessive interference on each others’

users, which may result in call-dropping. As shown in Fig. 5,

we consider the NGSO 1 satellite N1n, the NGSO 2 satellite

N2m, and their users Uk
N1 and Uj

N2. Moreover, an angle

θN1nUk
N1

N2m , between N1n →Uk
N1 and N2m →Uk

N1, is used

to detect the event that N2m enters into the CFEZ of N1n.

Such an angle θN1nUk
N1

N2m is formulated as

θN1nUk
N1

N2m =arccos

(

d2
N1nUk

N1

+d2
N2mUk

N1

−d2N1nN2m

2dN1nUk
N1
dN2mUk

N1

)

,

(8)

where dN1nN2m can be expressed by

dN1nN2m =
√

(XN1n−XN2m)
2
+(YN1n−YN2m)

2
+(ZN1n−ZN2m)

2
, (9)

where {XN1n , YN1n , ZN1n} and {XN2m , YN2m , ZN2m} re-

spectively denote the locations of N1n and N2m, which can be

specified in the earth-centered earth-fixed coordinate system.

Given the calculated θN1nUk
N1

N2m , if we have θN1nUk
N1

N2m <
θCFEZ, then spectrum sharing between these two satellites is

disabled, and this zone is defined as the CFEZ.

D. Problem Formulation

In order to support spectrum sharing for the SGIN consid-

ered while managing the corresponding CFI, the optimization

problem is formulated as

max
Pn,Pm,Pi,NS1,NS2,NS3,NS4

SINRUk
N1

s.t. 0 ≤ Pn ≤ Pmax
NGSO1

0 ≤ Pm ≤ Pmax
NGSO2

0 ≤ Pi ≤ Pmax
BS

SINRUj

N2

≥ φth

SINRUt
BS

≥ φth

αn, αm ∈ {0, 1} , (10)

{ }N1 N1 N1,n n n

a op l l=

{ }N2 N2 N2,m m m

a op l l=

{ }
N2 N2 N2U U U

,j j j

a op l l= { }
N1 N1 N1U U U

,k k k

a op l l=

CFEZq

N1N1 U N2k
n m

q

Fig. 5. Co-frequency exclusion zone analysis.

where Pmax
NGSO1, Pmax

NGSO2, and Pmax
BS are the maximum avail-

able transmit power of NGSO 1, of NGSO 2, and of the BSs,

respectively, while φth is the minimum SINR required.

Note that optimizing the the k-th user’s performance is

expected to affect the interference imposed on its neighbors

in NGSO 1. However, as mentioned, the effect of the intra-

constellation CFI may be negligible in the presence of the

multi-color multibeam frequency-reuse schemes (e.g., FR7)

as shown in Fig. 3. More explicitly, optimizing the SINR

of a user k does not substantially increase the interference

imposed on users at the same frequency of a user k in NGSO 1.

Similarly, the SINR of a user k may not be obviously affected

when optimizing the SINR of other users accessing the same

frequency of this user k. Thus, although there may exist a

number of users in NGSO 1, the SINR of other users can be

optimized similarly to the k-th user, 1 ≤ k ≤ K.

This optimization problem is related with the coverage of

a pair of NGSO constellations. In the overlapping coverage,

given the tele-traffic states, the CSI, and the transmission

requirements, the achievable SINR depends both on the beam-

scheduling and power-scheduling. It is challenging to directly

solve such a complex problem, which hinges on both the

coverage analysis and beam-power scheduling.

III. JOINTLY UTILIZING MULTI-DOMAIN RESOURCES FOR

INTERFERENCE MANAGEMENT

In this section, we present our multi-domain resource aided

interference management scheme, including both beam shut-

off and beam switching based scheduling, as well as our

LSTM-ARMA-DQN based power allocation.

A. Shut-Off and Switching-Based Beam Scheduling

In this subsection, we conceive a shut-off and switching-

based beam scheduling method for managing the CFI. Specif-

ically, using the Poisson traffic-generation model of [25] for

NGSO 1 and NGSO 2, the tele-traffic states of the satellites in

ΦN2m→Uk
N1

, and ΦN2m→Uj

N2

, can be readily estimated. Given
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on the estimated tele-traffic states, the idle beams of N1n and

of N2m are shut off for reducing the amount of interference

imposed on NGSO 1’s users. As for the active beams of the

satellites in ΦN2m→Uk
N1

, we perform beam switching. More

specifically, if there is a satellite N2m′ ,m
′

6= m in ΦN2m→Uj

N2

having an idle co-frequency beam, which is not covering Uk
N1

(N2m′ /∈ ΦN2m→Uk
N1

), the N2m forwards its traffic to this

N2m′ and informs Uj
N2. Then, N2m′ may point its beam

to Uj
N2, and sends the data received from N2m to Uj

N2. As

expected, the beam switching action of NGSO 1 is similar

to that of NGSO 2. Additionally, the specific procedure of

the shut-off and switching based beam scheduling designed is

summarized in Algorithm 1.

Algorithm 1: Beam Shut-Off and Beam Switching

Input: Φ
N2m→Uk

N1
, Φ

N2m→U
j
N2

, Φ
N1n→U

j
N2

, ΦN1n→Ut
BS

and

ΦN2m→Ut
BS

, p(N2m), p(N1n), p(Uk
N1), p(Uj

N2
), p(BSi),

p(Ut
BS) and the traffic states of the N1n and N2m.

1. Turn off the co-frequency beams of the satellites in
Φ

N2m→Uk
N1

and Φ
N1n→U

j
N2

, if these beams have no active

traffic in a given time slot.
2. Remove the satellites from Φ

N2m→Uk
N1

and Φ
N1n→U

j
N2

, if

their beams are turned off in Step 1.
3. If idle beams of the satellites in Φ

N2m→U
j
N2

are available,

and there is one idle beam without covering Uk
N1, then

4. Switch the interfering beams of the satellites in
Φ

N2m→Uk
N1

having traffic to idle beams of the satellites in

Φ
N2m→U

j
N2

.

5. Remove the satellites from Φ
N2m→Uk

N1
, if their beams are

switched in Step 4.
6. End
7. If idle beams of the satellites in Φ

N1n→Uk
N1

are available,

and there is one idle beam without covering Uj

N2
, then

8. Switch the interfering beams of the satellites in

Φ
N1

n
′ →U

j
N2

, n
′

6= n, having active traffic to idle beams of

satellites, similarly to Step 4.
9. End
10. Obtain the updated Φ

N2m→Uk
N1

and Φ
N1n→U

j
N2

.

11. Obtain the updated ΦN1n→Ut
BS

and ΦN2m→Ut
BS

.

12. Repeat Step 1∼7 for different N1n, and its users.

Output: The number of interfering satellites N
′

S1, N
′

S2, N
′

S3

and N
′

S4.

Furthermore, the optimization problem (10), can be simpli-

fied as

max
Pn,Pm,Pi

SINR
′

Uk
N1

s.t. 0 ≤ Pn ≤ Pmax
NGSO1

0 ≤ Pm ≤ Pmax
NGSO2

0 ≤ Pi ≤ Pmax
BS

SINR
′

Uj

N2

≥ φth

SINR
′

Ut
BS

≥ φth, (11)

where SINR
′

Uk
N1

, SINR
′

Uj

N2

and SINR
′

Ut
BS

are

PnG
t

nUk
N1

Gr

nUk
N1

LS
nk|hnk|

2

N
′

S1∑

m=1

PmGt

mUk
N1

Gr

mUk
N1

LS
mk

|hmk|
2+

∑

i∈ΦBS

PiL
S
ik

|hik|
2+kBBnTn

,

PmGt

mU
j
N2

Gr

mU
j
N2

LS
mj |hmj |

2

N
′

S2∑

n=1

PnG
t

nU
j
N2

Gr

nU
j
N2

LS
nj

|hnj |
2+

∑

i∈ΦBS

PiL
S
ij
|hij |

2+kBBmTn

, and

PiL
S
it|hit|

2

N
′

S3∑

n=1

PnL
S
nt|hnt|

2+
N

′

S4∑

m=1

PmLS
mt|hmt|

2+
∑

z∈ΦBS,z 6=i

PzL
S
zt|hzt|

2+σ2
n

,

respectively.

B. LSTM-ARMA-DQN Based Power Allocation

As shown in Fig. 6, a LSTM-ARMA-DQN neural network,

combining a LSTM-ARMA and a DQN, is designed for

assisting power allocation. Such a LSTM-ARMA model is

constructed for predicting the instantaneous CSIs of the links

spanning from the satellites to the terrestrial users, using the

historical CSIs estimated with the aid of [31]. Explicitly, the

LSTM is used, since it does well in time series prediction [41].

To further improve the prediction performance of the LSTM,

the ARMA is used for optimizing the prediction error [11],

[34], and for upgrading the loss of the LSTM in the model-

training stage, since the ARMA is proficient at evaluating

the prediction error [42] relying on the parameters of the

autoregressive model and the moving average model [32].

Using the upgraded loss and the back propagation algorithm

[43], the LSTM can be further optimized. Moreover, the

predicted CSIs may be entered into the DQN constructed [33].

Following our previous work [11], [34], the model constructed

is optimized with the aid of grid search and K-fold cross-

validation. Specifically, the CSI dataset is first divided into

K subsets. Then, given the k-th K-fold Cross-Validation, the

k-th subset and the remaining subsets are used for validating

and training the constructed model, respectively. Additionally,

the parameters of the LSTM-ARMA-DQN are optimized with

the aid of the adaptive moment estimation optimizer of [34].

The optimized LSTM is composed by two LSTM layers.

Their size is 128 and 64. Meanwhile, the optimized DQN

is composed by six fully connected (FC) layers, wherein the

Rectified Linear Unit function is used as the activation function

for each layer of the first three FC layers, and the Hyperbolic

Tangent function is utilized as the activation function for each

layer of the last three FC layers. The size of six FC layers are

256, 256, 512, 512, 1024 and 1024. Then, the LSTM-ARMA-

DQN model is used for optimizing the Pn, Pm and Pi. The

specific optimization procedure is summarized in Algorithm

2.

We should point out that our deep-learning-based power

allocation algorithm can be used to perform power allocation

for the SGIN considered, without requiring channel estimation.

In our algorithm, the deep-learning model conceived can

predict the CSI, and allocates the transmit power to the SGIN

considered. More specifically, due to the propagation delay

and the potential co-frequency interference among users, the

estimated CSI may become outdated and imperfect. As a

remedy, this deep-learning-based power allocation algorithm

may be adopted. With the improvement of the computing

capability and the multi-access edge computing technology on

board satellites [35], [36], this algorithm may be performed on

satellites, to avoid the propagation delay between the satellites

and the gateways, if the algorithm is executed in the gateways.
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DQN

CSI Dataset

CSI
action

reward

stateCSI

Predicted

CSI

Environment

ARMA

LSTM

Fig. 6. LSTM-ARMA-DQN aided power allocation.

Algorithm 2: LSTM-ARMA-DQN Based Power Allocation

Input: ΦN2m → Uk
N1, ΦN2m → Uj

N2
, ΦN1n → Uk

N1,

ΦN1n → Uj

N2
, ΦN2m → Ut

BS, ΦN1n → Ut
BS, p(N2m),

p(N1n), p(BSi), p(Uk
N1), p(Uj

N2
), p(Ut

BS), Pmax

NGSO1,
Pmax

NGSO2, Pmax

BS , and φth.
1. Initialize the parameters of the LSTM-ARMA-DQN model
constructed, the transmit power vector Pn, the SINR vector
SSINR, the SINR threshold SINRmax

UN1
, the greedy probability

threshold ε-greedy.
2. Construct the LSTM-ARMA-DQN model, and train the
LSTM-ARMA model constructed.

3. Calculate the antenna gain Gd
ab, using the input satellite sets

and the locations.
4. Predict the CSIs using the well-trained LSTM-ARMA model
at a given transmission slot.

5. Calculate the SINR
′

Ut
BS

, and compare it with φth to adjust

Pi, and calculate the required Pm according to the transmission
specifications.

6. Calculate the SINR
′

Uk
N1

using the initialized Pn, the obtained

Pi and Pm, and assign the calculated SINR
′

Uk
N1

to SSINR.

7. Set a positive reward if the calculated SINR
′

Uk
N1

≥ SINRmax
UN1

and Pm ≤ Pmax

NGSO2, otherwise give a negative reward.
8. Select the max value of the DQN output, assign the index
of the selected value to INDEX, if RAND(0,1)> ε-greedy.
Otherwise, set INDEX to a random integer value.
9. Update Pn by selecting a value from Pn using INDEX.
10. Repeat Step 5 ∼ 9, until the maximum number of iterations
is reached.
11. Obtain the optimized Pn, Pm and Pi using SSINR, and
repeat Step 3 ∼ 10 for different N1n.
Output: The optimized P o

n , P o
m, and P o

i .

IV. OUTAGE PROBABILITY ANALYSIS FOR THE PROPOSED

JMDR-IM SCHEME

In this section, we derive the OP of the proposed JMDR-IM

scheme. Moreover, we also provide the asymptotic OP analysis

of the proposed JMDR-IM scheme.

Using [39], the definition of the OP is given by

POP = Pr (SINR < φth) . (12)

A. NGSO 1 Outage Probability Analysis

Using (4) and (12), the OP of the N1n-Uk
N1 link in the

proposed JMDR-IM scheme is written as

PNGSO1
OP

=Pr













P o
nG

t
nUk

N1

Gr
nUk

N1

LS
nk|hnk|

2

N
′

S1
∑

m=1
P o
mG

t
mUk

N1

Gr
mUk

N1

LS
mk|hmk|

2
+
∑

i∈ΦBS

P o
i L

S
ik|hik|

2
+σ2

N1

< φth

)

, (13)

where we have σ2
N1 = kBBnTn, LS

ik = L−αt

iUk
N1

, αt is the path

loss exponent, and LiUk
N1

is the distance between the BSi and

the Uk
N1.

Using (A.7), PNGSO1
OP can be finally obtained.

To further explore the OP of the N1n-Uk
N1 link in the pro-

posed JMDR-IM scheme, we analyze the asymptotic outage

probability (AOP). The PDF of Pn|hnk|
2

can be formulated

as

fPn|hnk|
2 (x)=

αN1n

Pn

e−βN1n
x

Pn 1F1

(

mN1n ; 1; δN1n

x

Pn

)

.

(14)

For a large Pn, we have 1F1(mN1n ; 1; δN1n

x
Pn

) → 1 [39].

Thus, fPn|hnk|
2(x) can be rewritten as

fPn|hnk|
2 (x) =

αN1n

Pn

e−βN1n
x

Pn . (15)

Using (15), similarly to (A.7), the AOP of the N1n-Uk
N1

link in the proposed JMDR-IM scheme can be expressed as

PNGSO1
AOP =

αN1n

βN1n

N
′

S1
∏

m=1

mN2m
−1

∑

nN2m
=0

ZN2m −
αN1n

βN1n

e−
βN1n
Pn

S
′
σ2
N1

N
′

S1
∏

m=1

mN2m
−1

∑

nN2m
=0

ZN2m

(

βN2m
−δN2m

)

(

βN1n
−δN1n

+
βN1n

Pn
ζ ′

m

)nN2m
+1

NBS
∏

i=1

1

σ2
BS

(

βN1n

Pn
I
′

BS + 1
σ2
BS

) , (16)

where ζ
′

m =
φthG

t

mUk
N1

Gr

mUk
N1

LS
mkPm

Gt

nUk
N1

Gr

nUk
N1

LS
nk

, S
′

= φth

Gt

nUk
N1

Gr

nUk
N1

LS
nk

and I
′

BS =
φthPiL

S
ik

Gt

nUk
N1

Gr

nUk
N1

LS
nk

.

We should point out that the OP of NGSO 1 can be dramat-

ically reduced. This beneficial result is achieved because the

SINR of NGSO 1 can be increased by the JMDR-IM scheme,

and an increased SINR results in an OP reduction.
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B. NGSO 2 Outage Probability Analysis

Moreover, using (5) and (12), the OP of the N2m-Uj
N2 link

in the proposed JMDR-IM scheme is formulated as

PNGSO2
OP

=Pr













P o
mGt

mUj

N2

Gr

mUj

N2

LS
mj |hmj |

2

N
′

S2
∑

n=1
P o
nG

t

nUj

N2

Gr

nUj

N2

LS
nj |hnj |

2
+
∑

i∈ΦBS

P o
i L

S
ij |hij |

2
+σ2

N2

< φth

)

, (17)

where σ2
N2 = kBBmTn, LS

ij = L−αt

iUj

N2

and L
iUj

N2

is the

distance between BSi and Uj
N2.

Similarly to (A.7), PNGSO2
OP can be formulated as

PNGSO2
OP

=

mN2m−1
∑

nN2m=0



ZN2m

N
′

S2
∏

n=1

mN1n−1
∑

nN1n=0

ZN1n−ZN2m
e−(βN2m−δN2m)Sσ2

N2

nN1n
∑

ko=0

ko
∑

jo=0

jo
∑

zo=0

(

βN2m
−δN2m

)ko

ko!

(

ko
jo

)(

jo
zo

)

(

S1σ
2
N2

)jo−zo

ko−jo
∑

xn≥0,x1,x2,··· ,x
N

′

S2

(

ko−jo
x1,x2, · · · , xN

′

S2

)N
′

S2
∏

n=1

(ζn)
xn

N
′

S2
∏

n=1





mN1n−1
∑

nN1n=0

ZN1n
(βN1n−δN1n) (xn+nN1n)!

((

βN2m
− δN2m

)

ζn− (βN1n−δN1n)
)−xn−nN1n−1

zo
∑

yi≥0,y1,y2,···,yNBS

zy

NBS
∏

i=1

(IBSi
)
yi

NBS
∏

i=1

1

σ2
BS

(yi)!

(

(

βN2m
− δN2m

)

IBS1i +
1

σ2
BS

)−yi−1
))

, (18)

where we have ZN2m =
αN2m (mN2m−1)!(δN2m )nN2m

(mN2m−1−nN2m )!(1)nN2m
(βN2m−δN2m )nN2m

+1 , ζn =

φthP
o
nGt

nU
j
N2

Gr

nU
j
N2

Ls
nj

P o
mGt

mU
j
N2

Gr

mU
j
N2

Ls
mj

, IBS1i =
φthP

o
i Ls

ij

P o
mGt

mU
j
N2

Gr

mU
j
N2

Ls
mj

, and

S1 = φth

P o
mGt

mU
j
N2

Gr

mU
j
N2

Ls
mj

.

To evaluate the OP of a large Pm, similarly to (16), the

AOP of the N2m-Uj
N2 link in the proposed JMDR-IM scheme

can be expressed as

PNGSO2
AOP =

αN2m

βN2m

N
′

S2
∏

n=1

mN1n
−1

∑

nN1n
=0

ZN1n −
αN2m

βN2m

e−
βN2m
Pm

S1
′
σ2
N2

N
′

S2
∏

n=1

mN1n
−1

∑

nN1n
=0

ZN1n

(

βN1n
−δN1n

)

(

βN2m
−δN2m

+
βN2m

Pm

ζ
′

n

)−nN1n
−1

NBS
∏

i=1

1

σ2
BS

(

βN2m

Pm
I
′

BS1 +
1

σ2
BS

) , (19)

where ζ
′

n =
φthG

t

nU
j
N2

Gr

nU
j
N2

LS
njPn

Gt

mU
j
N2

Gr

mU
j
N2

LS
mj

, S1
′

= φth

Gt

mU
j
N2

Gr

mU
j
N2

LS
mj

,

and I
′

BS1 =
φthPiL

S
ik

Gt

nU
j
N2

Gr

nU
j
N2

LS
mj

.

C. BS Outage Probability Analysis

Meanwhile, using (6) and (12), the OP of the BSi-U
t
BS link

in the proposed JMDR-IM scheme is written as

PBS
OP = Pr

(

P o
i L

S
it|hit|

2

N
′

S3
∑

n=1
P o
nG

t
nUt

BS

LS
nt|hnt|

2
+
N

′

S4
∑

m=1
P o
mLS

mtG
t
mUt

BS

|hmt|
2
+
∑

j∈ΦBS,j 6=i

P o
jL

S
jt|hjt|

2
+σ2

n

< φth

)

, (20)

where we have LS
it = L−αt

iUt
BS

, LS
jt = L−αt

jUt
BS

, with LiUt
BS

and

LjUt
BS

representing the distance between BSi and Ut
BS, as well

as between BSj and Ut
BS.

Using (A.1)-(A.3), PBS
OP can be obtained as

PBS
OP =

N
′

S3
∏

n=1

mN1n−1
∑

nN1n=0

ZN1n

N
′

S4
∏

m=1

mN2m−1
∑

nN2m=0

ZN2m −

N
′

S3
∏

n=1

mN1n−1
∑

nN1n=0

ZN1n (βN1n−δN1n)

(

βN1n−δN1n+
An

σ2
BS

)−nN1n−1

N
′

S4
∏

m=1

mN2m−1
∑

nN2m=0

ZN2m(βN2m−δN2m)

(

βN2m−δN2m+
Bm

σ2
BS

)−nN2m−1

NBS
∏

j=1,j 6=i

(

1

σ2
BSCj + 1

)

· e
− 1

σ2
BS

Di

, (21)

where we have An =
φthP

o
nGt

nUt
BS

LS
nk

PiL
S
ik

, Bm =

φthP
o
mGt

mUt
BS

LS
mt

PiL
S
ik

, Cj =
φthP

o
j LS

jt

PiL
S
ik

and Di =
φthσ

2
n

PiL
S
ik

.

When Pi becomes very large, using (B.3), the AOP of

BSi-U
t
BS link in the proposed JMDR-IM scheme can also be

obtained.
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V. SIMULATION RESULTS

In this section, we evaluate the proposed JMDR-IM scheme

in terms of its SINR characteristics and the OP of the SGIN

considered, and compare it to the conventional PPAFB scheme.

Moreover, the analytic OPs of NGSO 1, of NGSO 2 and of the

BSs are evaluated by plotting (A.7), (18) and (21), respectively.

The simulated OPs of NGSO 1, of NGSO 2 and of the BSs are

also provided to verify the accuracy of the the analytic OPs,

which are denoted by (S.). Furthermore, the analytic AOPs

of NGSO 1, of NGSO 2 and of the BSs, denoted by (A.),

are analyzed by plotting (16), (19) and (B.3). The associated

simulation parameters are given in Table III. Moreover, the

experimental platform is an Intel(R) Core(TM)i7-9700K CPU

3.60GHz, the GPU is NVIDIA RTX2080Ti, and the amount

of memory is 64.00GB. The neural network is constructed on

the Tensorflow framework. Note that the default number of

NGSO constellations is two in the simulations, and these two

constellations are NGSO 1 and NGSO 2. Moreover, the size of

the dataset employed for both training and testing the LSTM

are ten thousand and one-hundred thousand.

TABLE III
SIMULATION PARAMETERS

Parameter Symbol Value

NGSO 1 satellite number N 648

NGSO 2 satellite number M 1584

NGSO 3 satellite number 720

NGSO 1 satellite antenna diameter DN1n 0.4 m

NGSO 2 satellite antenna diameter DN2m 0.4 m

NGSO 3 satellite antenna diameter 0.4 m

NGSO 2 user antenna diameter DUN1k
0.6 m

NGSO 2 user antenna diameter DUN2j
0.6 m

NGSO 3 user antenna diameter 0.6 m

Antenna efficiency ξ 55%
Frequency band f 17.9 GHz

NGSO 1 transmission bandwidth Bn 125 MHz

NGSO 2 transmission bandwidth Bm 125 MHz

NGSO 3 transmission bandwidth 125 MHz

NGSO 1 orbit altitude hN1n 500 km

NGSO 2 orbit altitude hN2m 550 km

NGSO 3 orbit altitude 570 km

Earth radius R 6370 km

Equivalent noise temperature Tn 290 K

NGSO 1 maximum transmit power Pmax
NGSO1 5 W

NGSO 2 maximum transmit power Pmax
NGSO2 5 W

NGSO 3 maximum transmit power 5 W

BS maximum transmit power Pmax
BS 5 W

SINR threshold φth 10 dB

Greedy probability ε-greedy 0.8

Scattered components’s average power cN1n (cN2m ) 0.126

Nakagami fading parameters mN1n (mN2m ) 10.1

LOS components’s average power ΩN1n (ΩN2m ) 0.835

Channel-gain mean σ2
BS 1

Figure 7 portrays SINRUk
N1

versus Pmax
NGSO1 parameterized

by different θBW for the proposed JMDR-IM and PPAFB

schemes. Observe from Fig. 7 that the proposed JMDR-IM

scheme outperforms the conventional PPAFB scheme in terms

of its SINRUk
N1

for both θBW = 15o and θBW = 7.5o.

Furthermore, the proposed JMDR-IM scheme of θBW = 15o

achieves a higher SINRUk
N1

than the PPAFB scheme of

θBW = 7.5o. It is also shown in Fig. 7 that the SINRUk
N1

of the JMDR-IM scheme for θBW = 15o and of the PPAFB

scheme for both θBW = 15o and θBW = 7.5o tends to

be constant. This near-constant SINRUk
N1

is achieved, since

increasing the transmit power of NGSO 1 may increase the

interference imposed on the users of NGSO 2 and of the

BSs. To meet the transmission requirements of both NGSO

2 and of the BSs, the NGSO 1 satellites are not allowed to

increase their transmit power beyond a certain threshold. By

contrast, the JMDR-IM scheme can have a higher transmit

power, demonstrating the superiority of the JMDR-IM scheme

in terms of managing interference. Observe from Fig. 7 that

the SINR in the JMDR-IM and the PPAFB schemes are

decreased in the presence of the SINR of the JMDR-IM and

the PPAFB schemes is reduced in the presence of the intra-

constellation CFI, compared to using no intra-constellation

CFI. This SINR reduction may be tolerable, especially when

more robust multi-color multibeam frequency-reuse schemes

are used, such as the FR7 multibeam [28], the eight-color

frequency-reuse [29], and the twelve-color frequency-reuse

multibeam regimes [30]. Additionally, as shown in Fig. 7, the

SINR of both the JMDR-IM and the PPAFB schemes using

the predicted CSI approach, as well as that of the JMDR-IM

and the PPAFB schemes was quantified by using the actual

CSI, showing the effectiveness of the LSTM-ARMA-DQN

conceived in terms of predicating the CSI. We also analyze the

case when the intra-constellation interference is considered,

but the inter-constellation interference is neglected. One can

observe from Fig. 7 that this case achieves the highest SINR,

albeit at the cost of requiring more spectral resources. This

result demonstrates that the effect on the SINR imposed by

the inter-constellation CFI is more severe than that inflicted

by the intra-constellation CFI in the SGIN considered.
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Fig. 7. SINR
Uk

N1
versus Pmax

NGSO1
parameterized by different θBW for

the proposed JMDR-IM and the conventional PPAFB schemes, wherein the
SINR

Uk
N1

is evaluated by optimizing (11), the effect of the intra-constellation

CFI, the actual CSI and the predicted CSI are investigated.

Figure 8 depicts the SINRmin
UN2

versus Pmax
NGSO1 parameter-

ized by different θBW for the proposed JMDR-IM and the

conventional PPAFB schemes, where SINRmin
UN2

denotes the

lowest SINR of different Uj
N2. It is shown from Fig. 8 that

the SINRmin
UN2

of the proposed JMDR-IM scheme is higher

than that of the conventional PPAFB scheme, when Pmax
NGSO1
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is lower than 3.5 W. Fig. 8 also shows that although a higher

transmit power is available, NGSO 1 relying on the conven-

tional PPAFB scheme may perform wireless transmissions

at a limited transmit power for satisfying the transmission

requirements of both NGSO 2 and of the BSs. However,

the proposed JMDR-IM scheme allows NGSO 1 to perform

wireless transmissions at a higher transmit power than the

traditional PPAFB scheme, whilst meeting the transmission

requirements of both NGSO 2 and of the BSs. This increased

transmit power of NGSO 1 can be effectively converted into

a SINR improvement of NGSO 1, as shown in Fig. 7.
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Fig. 8. SINRmin

UN2
versus Pmax

NGSO1
parameterized by different θBW for the

proposed JMDR-IM and the conventional PPAFB schemes, wherein NGSO 1
and NGSO 2 constellations are considered.

Figure 9 explores the SINRmin
UN2

versus Pmax
NGSO2 parameter-

ized by different number of NGSO constellations for both the

proposed JMDR-IM and for the conventional PPAFB schemes.

Observe from Fig. 9 that although NGSO 2 relying on both the

JMDR-IM and the PPAFB schemes meets the SINR threshold,

the required transmit power of NGSO 2 using the JMDR-IM

scheme is lower than that of NGSO 2 employing the PPAFB

scheme. This is due to the fact that given an SINR threshold,

a lower transmit power is required in the presence of lower

interference received. These beneficial results indicate that

the JMDR-IM scheme effectively manages the interference

imposed on the users of NGSO 2. It is also shown from Fig. 9

that as the number of NGSO constellations increases from two

to three, the SINR of users in NGSO 2 decreases correspond-

ingly, when using the JMDR-IM and the PPAFB schemes.

This result shows that the inter-constellation CFI becomes

more severe upon increasing the number of spectrum-sharing

NGSO constellations. Fortunately, the proposed JMDR-IM

scheme can still meet the transmission requirements even in

the presence of three NGSO constellations.

Figure 10 shows the SINRUk
N1

versus Pmax
NGSO2 parameter-

ized by different number of NGSO constellations for both the

proposed JMDR-IM, the conventional PPAFB and the the pure

fixed power based fixed beams (PFPFB) schemes. Similarly to

Fig. 9, one can observe from Fig. 10 that although a higher

Pmax
NGSO2 is available, the proposed JMDR-IM scheme allocates
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Fig. 9. SINRmin

UN2
versus Pmax

NGSO2
parameterized by different number of

NGSO constellations for the proposed JMDR-IM and the conventional PPAFB
schemes, wherein θBW = 7.5o.

a lower transmit power than the PPAFB scheme for NGSO

2. This lower transmit power of NGSO 2 using the JMDR-

IM scheme not only readily meets the SINR requirements

of NGSO 2, but also reduces the amount of interference

imposed on the users of NGSO 1, hence resulting in a higher

SINRUk
N1

. Fig. 10 also shows that the SINR will be reduced

in the presence of three NGSO constellations. However, the

proposed JMDR-IM scheme still achieves a higher SINR

than the PPAFB and the PFPFB schemes, when the number

of spectrum-sharing NGSO constellations is three. Compared

to the PPAFB scheme, the performance gain of beam shut-

off/beam-switching can be evaluated. This result demonstrates

the superiority of the beam shut-off/beam-switching regime in

terms of managing the inter-constellation CFI. Moreover, this

gain increases upon increasing Pmax
NGSO2. These beneficial re-

sults indicate that the CFI management of beam shut-off/beam-

switching and deep-learning-based power allocation harnessed

in the proposed JMDR-IM scheme can be effectively converted

into SINR enhancements.

In Fig. 11, we investigate C/(I+N) of NGSO 1 at different

time instants. Observe from Fig. 2 that NGSO 2 may impose

a higher amount of interference on the users of NGSO 1 in

the presence of spectrum sharing without using the JMDR-IM

scheme. Moreover, the interference imposed by NGSO 2 may

fluctuate as the satellites of NGSO 2 move. These interference

sources may result in a low and time-varying C/(I + N)
for NGSO 1. In contrast to Fig. 2, observe from Fig. 11

that the interference imposed by NGSO 2 is beneficially

managed by the proposed JMDR-IM scheme. Additionally,

the JMDR-IM scheme can track the time-varying interference,

and maintain a high C/(I+N) for NGSO 1. These beneficial

results demonstrate the superiority of the proposed JMDR-IM

scheme in a spectrum-sharing SGIN in the face of dynamically

fluctuating propagation characteristics.

Figure 12 explores PNGSO1
OP versus the SINR threshold φth

parameterized by different θBW for the proposed JMDR-IM

and the conventional PPAFB schemes, wherein PNGSO1
AOP is
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versus Pmax

NGSO2
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NGSO constellations for the proposed JMDR-IM, the conventional PPAFB
and the PFPFB schemes, wherein θBW = 7.5o.
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Fig. 11. C/(I +N) of NGSO 1 versus time using the proposed JMDR-IM
scheme.

also evaluated. Observe from Fig. 12 that the proposed JMDR-

IM scheme outperforms the conventional PPAFB scheme in

terms of its OP for both θBW = 15o and θBW = 7.5o.

Furthermore, given φth = 10 dB, PNGSO1
AOP is lower than

10−3. These beneficial results demonstrate the superiority of

the JMDR-IM scheme in terms of increasing the reliability of

wireless transmissions in the SGIN considered. Fig. 12 also

shows that PNGSO1
OP is close to PNGSO1

AOP in the low φth region,

and PNGSO1
OP is a bit lower than the PNGSO1

AOP in the high φth

region. Moreover, the analytic PNGSO1
OP matches the simulated

PNGSO1
OP , verifying the accuracy of the analysis.

Figure 13 investigates PNGSO2
OP versus the SINR threshold

φth parameterized by different θBW for the proposed JMDR-

IM and the conventional PPAFB schemes, wherein PNGSO2
AOP is

also evaluated. Observe from Fig. 13 that the proposed JMDR-

IM scheme achieves a lower PNGSO2
OP than the conventional

PPAFB scheme. Furthermore, observe from Fig. 13 that given

a tolerable OP, the φth of the proposed JMDR-IM scheme is
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Fig. 12. PNGSO1

OP
versus the SINR threshold φth parameterized by different

θBW for the proposed JMDR-IM and the conventional PPAFB schemes,
wherein the analytic PNGSO1

OP
and PNGSO1

AOP
are evaluated by plotting (A.9)

and (16), respectively.

higher than that of the conventional PPAFB scheme. This is

due to the fact that the proposed JMDR-IM scheme effectively

manages the interference received at NGSO 2 and attains a

higher SINR than the PPAFB scheme.
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Fig. 13. PNGSO2

OP
versus the SINR threshold φth parameterized by different

θBW for the proposed JMDR-IM and the conventional PPAFB schemes,
wherein the analytic PNGSO2

OP
and PNGSO2

AOP
are evaluated by plotting (18)

and (19), respectively.

In Fig. 14, we analyze PBS
OP versus the SINR threshold

φth parameterized by different θBW for the proposed JMDR-

IM and the conventional PPAFB schemes, wherein PBS
AOP is

evaluated. As shown in Fig. 14, when the φth is reduced from

30 dB to 0 dB, the PBS
OP of both the JMDR-IM and PPAFB

schemes decreases correspondingly. Moreover, observe from

Fig. 14 that for a specific φth, the proposed JMDR-IM scheme

still achieves a lower OP for the BSs than the conventional

PPAFB scheme, through managing the interference imposed

on the users of the BSs. Additionally, the PBS
AOP equals the

PBS
OP in the low φth region, and the PBS

AOP becomes lower
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than the the PBS
OP when the φth is 3 dB. Upon combining

Fig. 12∼Fig. 14, we can infer that the proposed JMDR-

IM scheme simultaneously decreases the OPs of NGSO 1,

of NGSO 2 and of the BSs. This significant OP deduction

confirms the superiority of the proposed JMDR-IM scheme

in terms of managing the interference and increasing the

reliability of wireless transmissions.
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Fig. 14. PBS

OP
versus the SINR threshold φth parameterized by θBW for

the proposed JMDR-IM and the conventional PPAFB schemes, wherein the
analytic PBS

OP
and PBS

AOP
are evaluated by plotting (21) and (B.3).

VI. CONCLUSIONS

Spectrum sharing in SGINs is capable of improving the

spectrum utilization, which however leads to severe CFI.

We proposed the JMDR-IM scheme for managing the CFI,

relying on our coverage overlap analysis, and on multi-domain

resource scheduling. To be specific, the coverage overlap of

a pair of NGSO constellations was analyzed, and the co-

frequency exclusion zone concept was harnessed for managing

the co-line interference. Then, multi-domain resources were

jointly scheduled relying on the analysis results. More specif-

ically, beam shut-off and beam-switching aided scheduling

was harnessed for alleviating the CFI. Then, the LSTM-

ARMA-DQN scheme was adopted for alleviating the CFI

via optimizing the transmit power for NGSO 1, of NGSO

2 and of the BSs. Additionally, the OP was also analyzed, to

demonstrate the superiority of the proposed JMDR-IM scheme

in terms of guaranteeing reliable transmissions in the SGIN

considered.

APPENDIX A

DERIVATION OF PNGSO1
OP

According to [39], the probability density function (PDF)

of the random variables (RVs) |hnk|
2
, |hmk|

2
and |hik|

2
can

be respectively formulated as:

f|hnk|
2 (x)

= αN1ne
−βN1nx

1F1 (mN1n ; 1; δN1n
x)

= αN1ne
−(βN1n−δN1n )x

mN1n−1
∑

nN1n=0

(mN1n − 1)!(δN1nx)
nN1n

(mN1n−1−nN1n
)!nN1n !(1)nN1n

(A.1)

and

f|hmk|
2 (x)

= αN2me−βN2mx
1F1 (mN2m ; 1; δN2m

x)

= αN2me−(βN2m−δN2m )x

mN2m−1
∑

nN2m=0

(mN2m − 1)!(δN2mx)
nN2m

(mN2m−1−nN2m
)!nN2m !(1)nN2m

(A.2)

and

f|hik|
2 (x) =

1

σ2
BS

e
− x

σ2
BS , (A.3)

where 1F1(·, ·, ·) is the confluent hypergeometric

function, αN2m =
(2cN2mmN2m )mN2m

2cN2m (2cN2mmN2m+ΩN2m )mN2m
,

αN1n =
(2cN1nmN1n )mN1n

2cN1n (2cN1nmN1n+ΩN1n )mN1n
, δN1n =

ΩN1n

2cN1n (2cN1nmN1n+ΩN1n ) , δN2m =
ΩN2m

2cN2m (2cN2mmN2m+ΩN2m ) ,

βN1n = 1
2cN1n

and βN2m = 1
2cN2m

. 2cN1n and 2cN2m denote

the scattered components’ average power of the N1n-Uk
N1

and of the N2m-Uj
N2 links, respectively. Furthermore, ΩN1n

and ΩN2m are the line-of-sight (LOS) components’ average

power of the N1n-Uk
N1 and N2m-Uj

N2 links, respectively,

while σ2
BS is the mean of |hik|

2
. Additionally, mN1n and

mN2m represent the Nakagami fading parameters of the

N1n-Uk
N1 and N2m-Uj

N2 links, respectively.

Using (A.1), PNGSO1
OP can be written as

PNGSO1
OP

=Pr













P o
nG

t
nUk

N1

Gr
nUk

N1

LS
nk|hnk|

2

N
′

S1
∑

m=1
P o
mGt

mUk
N1

Gr
mUk

N1

LS
mk|hmk|

2
+
∑

i∈ΦBS

P o
i L

S
ik|h

t
ik|

2
+σ2

N1

< φth)

=Pr



|hnk|
2<

N
′

S1
∑

m=1

ζm|hmk|
2
+
∑

i∈ΦBS

IBSi
|hik|

2
+Sσ2

N1



 , (A.4)

where ζm =
φthP

o
mGt

mUk
N1

Gr

mUk
N1

Ls
mk

P o
nGt

nUk
N1

Gr

nUk
N1

Ls
nk

, IBSi
=

φthP
o
i Ls

ik

P o
nGt

nUk
N1

Gr

nUk
N1

Ls
nk

, and S = φth

P o
nGt

nUk
N1

Gr

nUk
N1

Ls
nk

.

Upon denoting µ =
N

′

S1
∑

m=1
ζm|hmk|

2
+
∑

i∈φBS

IBSi
|hik|

2
+ Sσ2

N1,
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and x = |hnk|
2, PNGSO1

OP can be formulated as

PNGSO1
OP

=

∫ ∞

0

· · ·

∫ ∞

0
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)
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∣

∣
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∣
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where kβδ = 1
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Upon relying on [44], and substituting (A.6) into (A.5), we
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APPENDIX B

DERIVATION OF PBS
AOP

Using (A.3), PBS
AOP can be written as
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where A
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Furthermore, PBS
AOP can be finally formulated as
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