IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received July 19, 2020, accepted August 2, 2020, date of publication August 10, 2020, date of current version August 21, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3015487

A Novel Dynamic Spectrum-Sharing Method
for GEO and LEO Satellite Networks

YUNFENG WANG 1, XIAOJIN DING 12, (Member, IEEE),
AND GENGXIN ZHANG"!, (Member, IEEE)

!Key Laboratory of Broadband Wireless Communication and Sensor Network Technology, Nanjing University of Posts
and Telecommunications (NUPT), Nanjing 210003, China
ZNational Mobile Communications Research Laboratory, Southeast University, Nanjing 210096, China

Corresponding author: Xiaojin Ding (dxj@njupt.edu.cn)

This work was supported in part by the National Science Foundation of China under Grant 91738201 and Grant 61772287,
in part by the China Postdoctoral Science Foundation under Grant 2018M632347, in part by the Natural Science Foundation
for Jiangsu Higher Education Institutions under Grant 18KJB510030 and Grant 16KJB510031, in part by the Key
University Science Research Project of Jiangsu Province under Grant 18KJA510004, and in part by the Postgraduate
Research and Practice Innovation Program of Jiangsu Province under Grant KYCX20_0708.

ABSTRACT In this article, we investigate the spectrum-sharing for a space information network comprised
of a geostationary orbit (GEO) satellite and a pair of low earth orbit (LEO) satellites, where one
spectrum-sensing LEO (SLEO) is used to sense the status of spectrum occupancy of the GEO, and one
data-transmission LEO (DLEO) satellite is allowed to access the shared spectrum of the GEO with the aid
of the SLEO. In order to improve the throughput of the DLEO satellite, a spectrum sharing framework
has been conceived relying on two stages. Differing from the conventional spectrum-sharing scheme, the
data-transmission LEO satellite has the ability to access the shared spectrum both in overlay mode and
in underlay mode. In overlay mode, the DLEO can perform transmission at any required transmit power.
By contrast, in underlay mode, a spectrum-sensing and power allocation aided spectrum-sharing (SPA-SS)
scheme is proposed to guarantee that the maximal amount of interference is imposed on the GEO caused by
the DLEO. To be specific, in the first stage, the SLEO is invoked for performing spectrum-sensing, where the
time intervals of spectrum-sensing have been specifically optimized to alleviate the interference received at
the GEO in the second stage. Moreover, an adaptive power allocation is designed to maximal the throughput
of the DLEO in the second stage, whilst maintaining the maximal interference imposed on the GEO is lower
than the tolerable interference temperature of the GEO. Numerical results show that the proposed SPA-SS
scheme outperforms the traditional spectrum-sharing scheme in terms of not only the average throughput,
but also of the time-utilization ratio.

INDEX TERMS Cognitive satellite network, spectrum coexistence, spectrum sensing, Hidden Markov

model, sensing time interval.

I. INTRODUCTION

With the increasing number of LEO satellites in the space,
the available radio spectrum resource is scarce, which is a
bottleneck for the satellite system development. Therefore,
the next generation satellite system require significantly
high spectral efficiency to address the spectrum scarcity
problem between GEO system and LEO system. In order
to achieve this objective, different satellite systems need to
coexist within the same spectrum, which means that more
interference may occur between these two satellite systems
[1]-[3]. Recently, cognitive radio (CR) has received great
attention as a promising solution to the inadequacy of
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spectrum [4]-[9]. In CR, with the aid of spectrum sensing,
it enables the detection of under-utilized licensed frequency
bands and the opportunistic use of such bands by the unli-
censed users, thereby increasing the spectrum utilization
[10]-[14].

In recent years, spectrum sensing for satellite
communications has gained many accomplishments, which
can be categorized into the contributions in [15]-[21] focus
on hybrid coexistence scenario of satellite and terrestrial
systems and the contributions in [22]-[28] address dual
satellite coexistence scenarios. However, the interference in
the satellite system is different from that of the terrestrial
systems, which is mainly caused by the sidelobes in the
on-board antenna radiation diagram i.e., non-ideal angular
selectivity of the spotbeams [29]. Furthermore, the system
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architecture will dynamically change for LEO satellites. If an
LEO system coexists with another satellite system, it is very
likely to produce in-line interference when the satellites
and users from different systems are in alignment, which
will make the systems paralyzed. Therefore, it is of great
importance to analyze the co-frequency interference between
LEO and GEO systems.

To address the challenge, there are many researches
objecting at the in-line interference in the published paper.
Reference [30] studies the coexistence downlink interfer-
ence between LEO system and GEO system and evaluates
the impact of the exclusive angel strategy on the infer-
ence. The feasibility of spectrum sharing between GEO and
Non-geostationary orbit (NGSO) satellite systems through
a database approach is analyzed in [31]. Meanwhile, ref-
erence [26] utilized the adaptive power control (APC) to
mitigate the in-line interference between the GEO and NGSO
systems. Reference [25] proposed a cognitive broadband
satellite network based on the beam hopping and APC tech-
niques. In addition, reference [32] analyzes the interference
caused by terrestrial cellular systems and NGSO systems to
GEO systems, respectively, and calculates the protection area
where no cognitive users (terrestrial system or NGSO system)
could transmit.

Remarkably, the aforementioned works were based on the
assumption that all the LEO satellites have sensing func-
tions. However, this is not in line with the actual situation.
In practice, most of LEO satellites in space are not equipped
with sensing satellite payloads due to the weight, space and
other constraints. In this article, we propose a general frame-
work, which is fit for spectrum sensing and satellite data
transmission. In this framework, with the help of a cognitive
satellite, the LEO satellite that has no sensing function but
needs data transmission can share spectrum with GEO satel-
lite. Specifically, the GEO system is regarded as a primary
user, the LEO system needs to transmit date is denoted as
a secondary user, while another cognitive satellite can be
regarded as a sensing payload separate from the LEO system.

Furthermore, traditional spectrum sensing methods require
that a secondary user sense the spectrum at the beginning of
each time slot. However, in some practical satellite scenarios,
the access pattern of the GEO system can be characterized
by a statistical model, the future status of the GEO system
can be predicted to some extent [33]-[40]. Based on this
observation, the LEO satellites is unnecessarily to sense the
channel at the beginning of each time slot. In particular,
the total in-line interference time of GEO and LEO system
is often a constant; a more frequent sensing will waste of
data transmission time, which leads to smaller throughput.
On the other hand, the fewer often sensing may miss some
transmission opportunities when the current channel status of
GEO system is busy, or incur some transmission collisions
when the current channel status is idle. Therefore, the spec-
trum sensing interval must be carefully investigated, which
has already been studied in [37]. However, the spectrum
sensing interval was optimized at different spectrum sensing
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results in [37], but in this article, we extend this problem to
satellite communication scenario, and investigate algorithm
that jointly optimize the spectrum sensing time, the spec-
trum sensing interval and the LEO system transmit power
to enhance spectral efficiency and ensure the coexistence
without disruption.

In this article, we propose a general framework, where the
LEO system has the ability to work concurrently with GEO
systems in the interference region. Noted that LEO system
will also stop working to protect the GEO system when the
interference is very serious. Our contributions in this article
can be summarized as follows.

1) By jointly considering the advantage of spectrum-sensing
and power control, a two-stage aided spectrum-sharing
framework is conceived. Specifically, differing from
conventional spectrum-sharing scheme, the data trans-
mission LEO (DLEO) is allowed to access the shared
the spectrum of the GEO in both overlay mode and
in underlay mode, in order to maximize the average
throughput.

2) We propose a spectrum-sensing and power allocation
aided spectrum-sharing (SPA-SS) scheme. To be spe-
cific, the proposed SPA-SS scheme can guarantee that
the maximal amount of interference is imposed on the
GEO caused by the DLEO, relying on the optimized
time intervals of spectrum-sensing and transmit power
of the DLEO.

3) Numerical results show that compared the conven-
tional spectrum-sharing scheme, the proposed SPA-SS
scheme can not only achieve higher average through-
put, but also attain better time-utilization ratio, showing
the advantage of the propose SPA-SS scheme.

The remainder of this article is organized as follows: In
Section II presents the interference analysis model, sensing
analysis model and the GEO activity mode, respectively.
Section III, the joint optimization of spectrum sensing time,
sensing interval and DLEO system transmit power is pro-
posed to maximize the average throughput of DLEO system,
and the two-dimensional line search method and the KKT
(Karush-Kuhn-Tucker) conditions are used to solve the prob-
lem. In Section IV, the simulation results are presented to
evaluate the designed algorithm. Finally, some conclusions
are drawn in Section V.

Il. SYSTEM MODEL

A. SATELLITE NETWORK MODLE

We consider the spectrum sharing between the LEO and
GEO system model. The GEO system, as the primary user,
has the priority to use the frequency. The LEO satellite acts
as the secondary system, which should coordinate to avoid
disrupting the incumbent GEO system. As described in Fig.1,
the spectrum-sensing LEO (SLEO) is used to sense the status
of spectrum occupancy of the GEO, and the data-transmission
LEO (DLEO) satellite is allowed to access the shared spec-
trum of the GEO with the aid of the SLEO. Furthermore,
in this cognitive satellite network, it is assumed that the earth
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FIGURE 1. Spectrum coexistence between the GEO and LEO system.

stations of three systems are connected by a high-speed loss-
less fiber optic connection and exchange satellite ephemeris
with each other.

1) MODEL ANALYSIS

Based on the previous analysis, we propose a spectrum-sharing
scenario between GEO and LEO system. As shown in Fig.1,
the model consists of a DLEO satellite and its earth sta-
tion, which is recorded as S3 and E3 respectively, a GEO
satellite and its earth station, which is recorded as S2 and
E2 respectively, a SLEO satellite and its earth station, which
isrecorder as S1 and E1 respectively. Without loss of general-
ity, the S2 and its earth station E2 are located in the same line
with the origin of the earth. In addition, the relative positions
of E1, E2 and E3 are also crucial factors in the interference
analysis. Let og|_ 2,052 g3 denote the geocentric angle
between El and E2, E2 and E3, respectively. Yet the gen-
eral, these two angles can be regarded as constants in next
interference analysis. Furthermore, {dg;igili € (1,2,3),
j € (1,2,3),i # j}, represents the distance between the
E; and Ej, and {ds,'_>5j|i e (1,2,3),j € (1,2,3),i # j},
represents the distance between the S; and S;, and {dE;_. 5j|i €
(1,2,3),j € (1, 2, 3)}, represents the distance between the
E; and S;. As shown in the Fig.1, 61-0 is the off-axis angle
of the E2 towards to S3, the S3 towards to the E2, the S3
towards to E3, the E3 towards to the S2, the S2 towards to
E3, the E2 towards to S1, respectively. Let 8 denotes the
geocentric angle between the S, and S3, Let o denotes the
geocentric angle between the S7 and S5. It is obvious that
the «, B changes with the LEO satellite moving. In addition,
the distance ds3— g2, ds3—s2, ds3— g3 is the function of 8,
and the distance ds1— g2, ds1— 52 is the function of «, they
can be rewritten as

dsispr = \/dsg + R?2 — 2Rds3 cos B (1)
dssops = \Jd3 + R — 2Rdss cos(oprps — ) ()
ds3—s52 = \/d§3 + d}, — 2dsyds3 cos B 3
dsi—E2 = +/d3, + R? — 2Rdg) cos (4)
dsi_sso = \/d§1 +d%, — 2ds1ds; cos o (5)
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where R denotes the radius of the earth, dgi, dsp, ds3
denote the distance between the S1\S2\S3 and the center of
the earth, respectively. In addition, the angles 61-0¢ can be
derived as follows

(ds3£2)? + (ds2 — R)? — (d53—>52)2> ©
2dg35g2(ds2 — R)
(ds3—£3)* + (ds3E2)? — (Ropa—E3)?

0 = arccos(

0 = arccos( 2 2dS3—>EZSdS3—>€2 ) 7)
(ds3—E3)” + (ds3)” — (R)

65 =arccos( §3 E;dg%E:;” 2 ) 2 (8)
(ds3—Eg3)" + (d )2 — (dsr—s3)

04 = arcCos( $3E3 22d53 _S);—;;_}E; 52553 ) ©
(ds2—»E3)" + (ds2)” — (R)

05=arccos( S2 E;dgz_)E:;SZ 2 ) 2 (10)

0 = arccos ((d52 — R;(d;(‘ngizl)_);(dsw) ) (an

where dsy_, g3 = \/Rz + d522 — 2Rds) cos 02— E3

2) INTERFERENCE ANALYSIS
Note that in this article, we focus on the interference
both experienced by the DLEO and GEO satellite system.
As described in Fig.1, the GEO earth station and GEO
satellite would be interfered by the DLEO satellite in the
downlink and the DLEO earth station in the uplink, respec-
tively. Meanwhile, the DLEO earth station and DLEO satel-
lite would be also interfered by the GEO system. However,
the analysis method of the interference in the downlink is
similar to that in the uplink. In this article, we only analyze
the interference in uplink scenario.

The DLEOQ earth station transmits the signal to its satellite,
and the power of the received signal at DLEO satellite can be
expressed as

Pg3 = Pp3hg3—s3

= Pp3GlyyGly (03)( )? (12)

4rfdps—s3
with Pg3 as the transmission power at DLEO station, G§53 as
the maximum gain of LEO earth station transmit antenna,
G}5(03) as the gain of the DLEO receive antenna to the
direction of its satellite, ¢ as the light speed, and f as the
center frequency of the spectrum bands. Note that the antenna
gain is related to the off-boresight angle of the transmitter or
receiver in the beam direction, the off-boresight angle can be
calculated through the beam direction and the position vector
of the satellite and user [41]. Note that the angle 6 varies when
the satellite moves, which results in the dynamic of the gain.
The expression to calculate the gain of the antenna is [42]

Ji(p) J3(M)>

G=G0<2 +367%

w w
where u = 2.07123 sin(0)/ sin(634p), J1 and J3 are the first
and third order Bessel functions, respectively. 6 is the off
boresight angle, 0345 is the angle that corresponds to the 3dB

13)
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Beamwidth, Gy is the maximum antenna gain when the off
boresight angle is 0, and its expression is
4 A

el
where A represents the antenna area, n represents the antenna
efficiency. Meanwhile, the DLEO may receive the signal

from GEO earth station, thus the interference from the GEO
earth station to the DLEO satellite can be expressed as

2
c

ey = Pyl O (9)<—> (15)

53 E2Y 2531535 212 Anfds3 g2

0 (14)

with Pg» as the transmission power at GEO station, ng_) 3
as the gain of the GEO earth station transmit antenna to the
direction of the DLEO satellite, G§;_, ,(62) as the gain of
the DLEO receive antenna to the direction of the GEO earth
station.

From the equations above, it can be found that both
the signal power and the interference are related to the
angle 8. Thus, we can conclude that the received Signal Noise
Ratio (SNR) is also the function of angle 8, which can be
expressed as follows

Vos = Pgs3 _ Ps3(B)
Is3 +No  Is3(B) + No
No = kT,B (16)

where k is Boltzmann constant, 7, represents the equiva-
lent noise temperature of the receiver, and B represents the
transponder bandwidth. The GEO receives the signal from
the GEO earth station, meanwhile, it also may receive the
signal from DLEO earth station. The analytical method in
GEO system is similar to that in the DLEO system, the power
of the received signal at LEO can be expressed as
Psy = Ppahpa—s2
! r ¢ 2
Pr0n 0% fn = 1)
with Pg; as the transmission power at GEO earth station,
G, as the maximum gain of GEO earth station transmit
antenna, G¥, as the gain of the maximum gain of GEO receive
antenna. The interference from the LEO earth station to the
GEO satellite can be expressed as

2
C
52 E3YE352\4)Y 50 £3LYS Anfdsr— g3

with Pg3 as the transmission power at DLEO station,
G;ﬁ _, 52(04) as the gain of the DLEO earth station transmit
antenna to the direction of the GEO, G¥,_, ;5(65) as the gain
of the GEO receive antenna to the direction of the DLEO earth
station. Thus, we can conclude that the received SNR of GEO
is also the function of angle 8, which can be expressed as
follows

(a7

Psy _ _ PsaB)
Iso+No  Is2(B) +No
The satellite orbital parameters and system parameters are

presented in Table.4 and Table.5. Based on the previous
analysis, the received SNR of DLEO satellite and that of

Vs2 = (19)
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FIGURE 2. Received SNR by LEO and GEO satellite with respect to varying
B when ogy_, 3 = —0.3°.

GEO satellite varies with angle 8, as described in Fig.2.
Furthermore, it can be seen that the SNR of the LEO and GEO
is stability except of some regions where the SNR level is
significantly low. We define the value of S, corresponding
to the dropped portion as interference region.

The received SNR of the DLEO and GEO satellites varies
dramatically only when the DLEO satellite moves to the
interference regions. It means that when the DLEO satellite
enters into the interference region, it cannot transmit signals
at will so as not to interfere to GEO system. Thus, we con-
ceive a spectrum-sharing framework relying on two stages
to improve the throughput of the DLEO satellite, where the
DLEO satellite has the ability to access the shared spectrum
with the aid of the SLEO. To be specific, in the first stage,
the SLEO is invoked for perform spectrum-sensing to detect
the spectrum hole of the GEO system, and the DLEO satellite
can access the shared spectrum both in overlay mode and in
underlay mode in the second state.

3) COGNITIVE SATELLITE ANALYSIS

In this section, we analyze the spectrum sensing of the SLEO
in the first state. When the DLEO moves to the interference
regions, DLEO earth station will send request information to
SLEO system for spectrum sensing through ground optical
fiber system before transmitting signal. Then according to
the sensing results returned by the SLEO system, the DLEO
system selects the shared spectrum access mode. Specifically,
The GEO signal received by the SLEO can be written as

_ VP2 hE2—s51SE2 + No,  Hi

= 20
No. Hy (20)

Ysi1

hgr—s1 = G552_>s1(96)Gg'1 (21

)
drfdsi—E2
with G%z» 51(06) as the gain of the GEO earth station to
the direction of SLEO satellite, Ggl as the maximum gain
of SLEO receive antenna. In addition, Hy represents the
hypothesis that the GEO system is absent; H; denotes the
hypothesis that the GEO system operates. Thus, the receive

SNR of SLEO can be expressed as

Ppohpsss1
Nop
2
PEng'lG[E2—>51(96)(—4nfdsclﬁ52)

= 22
kT,B @2)

Ys1 =
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Apparently, the received SNR is the function of angle «
and varies with «. Furthermore, we can derive the detection
probability and false alarm probability as follows[11]

_ € Tif5
Pdsy = Q((]VO —¥s1 — 1) m) (23)

Pfs) = Q((%0 - 1>\/Txfs> (24)

where ¢ stands for detection threshold, T is the sensing time,
and f; is the sampling frequency of the SLEO. Obviously,
the detection probability and false alarm probability are the
function of angle « and sensing time 7.

4) GEO SYSTEM ACTIVITY MODEL
We model the GEO system states as a two-state on-off
Markov chain, which has been widely used in terrestrial
CR networks. Compared with the ground network, the satel-
lite system modeling as Hidden Markov Model (HMM) has
more advantages. The SLEO system can obtain the training
sequence through repeated visits to GEO’s coverage area
without its any prior knowledge due to that the satellite chan-
nel can be regarded as AWGN channel, where the channel
gain is fixed. Since the estimation accuracy of the GEO’s
parameters depends on the length of the training sequence,
for simplicity, the following analysis assumes that the error
of estimation can be ignored. Thus, the transition matrix of
HMM is denoted by
1700 101

A2 = [7710 7’/11:| 25)
where ny = Prig)2, = Hjlg?* = H}.i.j = 0.1, ¢}
is the state of the GEO system at slot . Hence, given the
transition matrix Ag, and the initial distribution of the states
Ogs», we can calculate the probability that the state lasts for
exactly p slots [37].

Ill. PROBLEM FORMULATION
A. SENSING INTERVAL ANALYSIS
In practices, the time that DLEO satellite pass through the
interference region is a constant, which can be divided into
the same time slot t. Since the future state of the GEO system
can be predicted to some extent, the interval ® consisting
of several time slots is a crucial factor in the throughput
analysis. As described in Fig.3. Each interval is divided into
three phases: the sensing phase T, the sensing result reporting
phase T; and the DLEO system transmission phase 7 ro,
Tiro = Ot — Ty — T;. Obviously, a larger interval will
reduce the number of sensing times, and the throughput will
increase due to more time remained for data transmission.
On the other hand, a larger interval may also miss some
transmission opportunities when the GEO current channel
status is busy, or incur some transmission collisions when
the current channel status is idle. Thus, the spectrum sensing
interval must be carefully studied to determine.

The activity of the GEO system is difficult to be precisely
predicted, it may change its state during several consecu-
tive slots. We solve this problem by studying the average
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Interference time T = 3., /w,

tmesot [ [ [ T[] ] []:

or o,r o, | o,r

Sensing interval

A A P A T,

< P » P

SLEO time DLEO time SLEO time

DLEO time

FIGURE 3. Time slot structure of the proposed spectrum-sharing
algorithm in satellite networks.

free/busy time in an interval. Without loss of generality, let
random variable X1 denotes the number of the busy slots
during ® consecutive slots. However, different channel sta-
tuses have different duration probability density functions.
Therefore, we derive the mean of X1 independently for two
cases: the initial channel status is busy or idle.

Case 1: the current true channel state is busy, the
expectation of X1 can be rewritten as:
E(XH|Y, ifbisodd
p(x)) = {E)L i (26)
E(X])I°, ifbiseven

where b is the number of state changes during ® slots. Note
that if b is odd, it means that the last channel state must
be busy, if even, it means the last state must be idle. Thus,
the expression of E (X 1) is given by [37]

0-1 e-4t
Zboz thlPrle—m)m e >1
0=1
(27)

S —m

b1t m )
Cm—lc(:)—m—l (7711) (7700)
1, And the expression of E (X 11) 1% is given

where Pry (X1 = m) =
bl _
(i) (o)
by
0-1 ®7—
Zb 0 Zm—§+l X] _m)m e >1

0=1
(28)

b b—2
2

Co1Corm_i (’71 1)m(”00)®_m

where Prz (X] = m) =

1n10701 1
('7117700) (7711) . .
Case 2: the current true channel state is idle, the expectation
of X1 can be rewritten as:

E XO l’
£ = O
(x7P)1°,
Note that if b is even, it means that the last channel state must

be busy, if odd, it means the last state must be idle. Thus,
the expression of E (X?) % is given by [37]

if b is even

29
if b is odd 29

o-1 ol
szo Zm:# Pr3(X1 = m)m ®=>1
0 ®=1
(30)
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TABLE 1. The GEO’S true channel state and sensing result, time allocation
and related transmit power.

Useful time
GEO state | Sening-result bk Inter_f erence l;elated
Overlay|Underlay time ower
Idle: P(Ho) [ldle:1 — Pfg1| w1 0 v2 P,
Idle: P(Hp)| Busy:Pfs1 v1 v 0 Pl
Busy: P(Hi)|Idle:1 — Pdg1| w4 0 v3 Py,
Busy: P(H1)| Busy:Pdg v3 Vg 0 PL,
O—m
where Pr3 (X1 = m) C C() e 1(7711) (1700)

(%)[’%1 (7110)_] , And the expression of E(X{)|! is given
b

y
o-1 b;Z
Zb OZ Pr4X1—m)m ®>1
®=1
(31)
bT O—m

5
where Pr4(X1 =m) =C, C@ — 1(7)11) (7700)

4 -1
(i) (100)
B. OPTIMIZATION PROBLEM FORMULATION
In the interference region, the DLEO has the ability to access
the shared-spectrum both in overlay mode and in underlay
mode. Specifically, if the current true channel state during ®
consecutive slots is idle, the DLEO works in overlay mode
and the transmit power is set to P%3; if the current true
channel state is busy, the DLEO works in underlay mode
and the transmit power is set to P}53, obviously, POE3 > P}B.
Furthermore, it is worth remarking that the active state of
the GEO system may not maintain consecutive ® slots and
the true current state of the GEO system may be change
Thus, when the current sensing result is idle, using P 3 as the
transmitting power may lead to some interference to the GEO
system due to the current true channel state of GEO system
has changed to busy. In addition, the imperfect characteristics
of the spectrum sensing may also results in some interference.
Therefore, the useful throughput of the DLEO system for the
four different cases that listed in Table 1 are given as

1 P9
—T<v1 log, (1 + Ni(f)) (32)

Coy =
0 =g
1 P!
i 1 1+ —E3
. (vr 0og, ( + No )
Pps
+vlog, (1+ —£3 (33)
27082 ( Is3 + No))
C " (vstog (1+ Py (34)
= —| v310 —_—
10 o1 3108, No
1 P
Cii = —|(vilog, [1+ —£3—
CY: (VS gz( +153 -I-No>

Pl
+v410g, (1 + Ni(f)) (35)

Co1 =
01 o
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where vy, v2, v3 and v4 are defined as
vi = Trpo — EX])T

V) = E(X1 )T
vi=EXD)t—T, - T,
vy = O1 — EX])t (36)

The goal in this section is to maximize the throughput
of DLEO system, while satisfying the corresponding con-
straints. From Table.1, the average throughput of the DLEO
system per slot when the spectrum sensing interval is © are
given as

Ce3—s3 = UpoCoo + Uo1Co1 + U10Cio + U11C11 - (37)

where Ugg, Uoi, Ujo and Uy represents the probability of
four cases, respectively. Since P(Hyp) and P(H1) are the prob-
abilities of idle status and busy status of the GEO system, they
can be defined as

Uoo = P(Ho)(1 — Pfs1)

Uo1 = P(Ho)(Pfs1)

Uro = P(H)(1 — Pds1)

Uy = P(Hy)(Pdsy) (38)

And the average interference to the GEO system when the
spectrum sensing interval is ® is given as

Te; — 1 UoonP%g + Uoi1v2P,
or +U1ov3PYys + Ur1vaPrs

where Gs3{8} is defined as

)Gs3{/3}} (39)

2
S — 40
Amfdsr— g3 ) 0

In addition, the sensing time T of the SLEQ is also incor-
porated as an optimization variable. In particular, for a given
target false-alarm probability Pfsy, the detection probability
Pdg is calculated as [11]

Gs3 {,3} = G23%52(94)G§2_>E3 (0s) <

Pds; = Q ( ©'Pf) — ym/m») (41)

1
V2ysi +1
which readily shows that a higher 7 leads to a lower Pfs; and
a higher Pds1, and thus improving the system performance.
However, increasing T also decreases system throughout by
reducing the time for the data transmission. Consequently,
from Eq.23 and Eq.24, the constraint Tpi, is considered,
where

Toin = )zf o~ @n—0 sy +1] @)

Furthermore, the maximum value of sensing interval ®pyax
is also limit. On the one hand, the larger ®px will waste
of the computing resources due to the active state of GEO
system cannot stay the same for a long time. On the other
hand, the DLEO satellite is moving at high speed, too large
interval will lead to the dynamic change of SNR in this time
slot, thus affecting the accuracy of the algorithm. Note that
the proposed algorithm assumes the SNR does not change in

VOLUME 8, 2020



Y. Wang et al.: Novel Dynamic Spectrum-Sharing Method for GEO and LEO Satellite Networks

IEEE Access

a sensing interval. Without loss of generality, we set Omax as
a small integer according to the GEQO’s state transition matrix
and DLEO’s high dynamicity.

In this article, we investigate to maximize the throughput
of DLEO system by jointly deriving the transmitting power,
sensing interval and sensing time under the minimum rate
requirements for DLEO system, the transmit power con-
straints at the DLEO earth station, and the interference power
constraints at the GEO system. In particular, the following
optimization problem is given as:

P1: maximize Cg3_ 53 43)
P%rPlEs!@st

suject to C1:  Cpz_s3 > Cn (. (43a)

C2: 0<P, <P i=0,1 (43b)

C3: 0 <Is<IH™ (43¢)

C4:  PLGs3{B) < [T (43d)

C5: Thin<T, <Ot —-T; (43e)

C6: 1<0 < Oy (431)

Constraint (C1) requires that the minimum rate achieved by
DLEO system be greater than the target threshold ng‘: 53
Constraint (C2) caps the total transmit power of the DLEO
earth station at a predefined value P3*. Constraint (C3) and
(C4) imposes the average interference and the instantaneous
interference under underlay model at the GEO system as less
than a predefined threshold /g5, respectively. The last Con-
straint (C5) and (C6) limit the sensing time and the sensing
interval.

C. PROPOSED OPTIMAL SOLUTION

Note that problem (43) is highly nonconvex, with the
constraints (C1), (C2), (C3) and (C4) that are nonconvex
due to coupling among the transmitting power (P%3, P}%),
sensing interval ® and sensing time 7. We solve (43) by
using a two-dimensional line search method to obtain the
optimal ® and T§. Therefore, given ® and Ty, the (43) can
be transformed into the following problem.

P2: maximize Cg3_ g3 (P%3, P}E3) (44)
P%3’P11:“3
suject to (C1), (C2), (C3), (C4) (44a)

It can be easily verified that the Hessian matrix
of Cg3z_s3 (P%3,P}E3) is a negative semidefinite matrix.
CE3—53 (P%3,P}Y3) is a convex function of P%3,P}Y3.
Therefore, P2 can be solved by convex optimization tech-
niques. The Lagrangian of (P2) is given by

Lg3—s3 (ng, Pl3, 1o, [41, K, '7)
= Crzoss (P Phs) — o (P — PREY)
— 1 (Phs — PE") =« (Tsz — 135"
— 1 (PhaGoap) — 115™) (45)

where (uo, U1, k, 1) denotes the Lagrange multiplier asso-
ciated with the constraints in (C2), (C3), (C4). The dual
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function of (P2) is thus given by

minLE3—>S3 (P%37 P1E31 lu“01 /’Lls Kv 77) (46)

Since (P2) is a convex optimization problem for which
the strong duality holds, the Karush-Kuhn-Tucker (KKT)
conditions are both necessary and sufficient for the global
optimality of (P2), which are given by

Py — P <0
Pl e <
7= pOx p(D%y _ rmax (47)
Is2(Ppy, Ppy ) — 1" < 0
Py Gss{B) — I <0
ui (P = PR3*) =0
(1)%

wi (P —Ppy) =0 "

* 1_ (0)* (1)* max) _ () ( )
K \Is2(P3y s Ppy ) — Iy ) =
m (PEY Gslp) — 135™) =0

0 0+

———CE3-53 (P ) — I

a(PES) - E3 0

K
—E((Uoow + Uiov3) x Gs3{B}) =0

3 (49)

——CE3-53 (Pg§*> — Ky —n*Gs3{B}

0(PL3)

K
—E((Umn + U11v3) x Gs3{B}) =0

where (Pg*, Pg;*) and (ug, 1}, k*, n*) denote the optimal
primal and dual solutions of (P2), respectively. We then obtain
(50) and (51) by solving the equation (49). Firstly, ng* is

given by

P _ |:P1 +«/A1]+
E3 — 2
Py = —(2No + Is3)
In2 (Uo1Treo + U1 T1E0)
wiOT 4 (k*(Uo1va + Ur1v3) + n*0O1) Gs3{B}
(Uorv1+U11va)ls3(P1+2No+1s3)

Ay = (P —4 U01T2LE0+U11TLE0
—P Ny — N
(50
.. O)k . .
similarly,P3" is given by
Oy [Po + «/Ao}+
Ppy = | ——F—
2
Py = — (2No + Is3)
In2 (Ugovi + Uiov3)
1o®t + (k*(Uoovz + Uiov3)Gs3{B})
Uoovils3(Po + 2Np + Is3)
Ag = (Po)* — 4 Ugovi + Ujovs (S

—PoNy — N}

where [x]* denotes max(x, 0). Since there are four equa-
tions in (48), we need to discuss 16 cases to obtain the
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TABLE 2. Six cases of lagrange multiplier.

Casel o 1 . n
1 PR = PEPL)” = PRsvks =0 =0
2 s =0 pi=0 | #0 n* =0
3PS =Pl ui=0 gt #£0 =0
4| mp=0 |Pg" = PprRt £ 0 7 =0
5P = PRP =0 T = 0PR" = IEY/Gaal8)
6| m=0 | mi=0 | #0Py" =15/Gss{5}

TABLE 3. Two-dimensional line search algorithm.

Algorithm The two-dimensional line search algorithm Parameters
C1 Initialization: Set initialization parameters of convex optimiza-
tion;
Input the minimum rate C’gég 53 the total transmit power Pg‘;",
the maximum interference threshold I'G5**.
C2 Optimization:
For1 < © < Omax
for Tinin < Ts < ©7 — T subject to Constraint(C'1)
1. Initialize 1 = 1,7 < 6;
2. Utilizing these parameters in case (¢), solve the problem in (45)
by equation (50) and (51);
3. If the value satisfy the (47), set Lps—s3{(i)} <+
(Pg)?))*, Pg?))* ). Otherwise, discard the values;
4.9 =1+ 1, goto step 2;
5. Select the minimum value from the set L g3_, g3 and obtain

the optimal solution: (PJ,(EOB)* s Pg;*).
end
End

C3 Comparison: Compare all Cg3_, g3 and obtain the optimal
value T} = arg max Cr3—s3(Ts, Péoi,))*, ng)*),
©* = argmax Cpss3(0,Ts, PYs, Phs),

_ (0)* p(1)*
Cz‘g S3 = CE3~>S3(9*7T5*7PE3 7PE3 )

optimal value. However, there are 10 cases that are either
inconsistent with the actual situation or contradictory, so only
six cases need to be considered, which is given in Table 2,
that is, the optimal solution can be obtained after six iter-
ations. Therefore, we choose the smallest Lg3_, g3 as the
optimal solution in the set of values satisfying (47), which

is denoted as (Pg*, ng*, “37 MT, K*, n*). It is worth noting

that (PO, POJ¥, s, wh, ic*, n*) satistying (47) (48) and (49)
are uniquely determined since six variables are solutions of
six independent equations. Consequently, the algorithm is
summarized in Table 3 to solve this problem.

Complexity Analysis: There are three loops in the
algorithm: the first and the second loop is used to solve
the problem of sensing interval and sensing time allocation,
respectively, such that ®m,x —group and Tmax /T —group solu-
tions are obtained; then, in the third loop, we solve P2 through
six iterations to obtain the optimal solution (Pg*, ng*)
Note that there is an operation to get the optimal value
after each iteration. By analyzing the algorithm, we can

obtain the computational complexity of thye algorithm is
0 ((@max (T“m(l( )+ 1) + 1))

T

IV. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed
design method using computer simulations. The satellite
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TABLE 4. Orbital parameters of the GEO and LEO satellites.

Parameters GEO LEO
Semimajor axis 42,164.1 km |7378.14 km
Eccentricity 0 0
Inclination angle 0° 90°

Right ascension of the ascending node | 57¢ 277°
Argument of perigee 0° 0°

Time past perigee 0s 0s

TABLE 5. Simulation parameters.

Parameters Value
Frequency band f 20GHz(Ka)
Noise temperature of receive antenna 77, 290K
Antenna efficiency 0 55%
Antenna diameter of GEO satellite D¢ 2.4m
Antenna diameter of GEO station D¢, 0.3m
Transmit power of GEO station Pgo 20W
Antenna diameter of LEO satellite Dy, 0.1m
Antenna diameter of LEO station Dy,,, 0.3m
Bandwidth B 25MHz
Sampling frequency of SLEO fg1 10MHz
Length of a slot 7 0.02s
Transmission time 7% 0.01s
Angular velocity of LEO wq 0.05deg/s
Angle between E2 and E3 oo, g3 -0.3deg
Angle between E1 and E2 01, g2 1.5deg
Minimum rate of LEO system Cgén_) 53 1.2bps/Hz
Maximum transmit power of LEO station PZi 10W
Maximum interference threshold for GEO g5 -130dBw
Maximum sensing interval ©max 10

Transmission matrix Ago {8; 82}
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FIGURE 4. Average throughput of the DLEO system versus the
interference power constraint at the GEO system.

orbital parameters and simulation parameters for the numer-
ical results are given in Table 4 and Table 5 follow those
obtained from [25].

We plot the average throughput and the spectrum sensing
interval of the DLEO system versus interference power
constraint /gy, It can be seen from Fig.4 that the aver-
age throughput of the DLEO system increases with /5™,
A larger Ig7™ implies that the GEO system can tolerate
more interferences from the DLEO system, which allows
the DLEO system to use a larger transmit power or larger
spectrum sensing interval. As shown in Fig.4, the proposed
SPA-SS scheme can achieve about higher average throughput
of the system than the traditional power allocation scheme
(TPA) [26], i.e, the spectrum sensing interval ® = 1.
Furthermore, as the angle g between DLEO and GEO
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FIGURE 5. Optimal Sensing interval of the DLEO system versus the
interference power constraint at the GEO system.
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FIGURE 6. Average throughput of the DLEO system versus transmit power
constraint at the GEO system.

satellites increases, the average throughput of DLEO sys-
tem also increases, which is consistent with the expectation,
because the interference between them is reduced.

The average spectrum sensing interval versus the
interference power constraint /gy* is shown in Fig.5. The
optimal sensing interval ®* increases with the increasing of
135™ and the angle B. Certainly, a smaller /5™ implies that the
protection requirements of the GEO system is high. However,
a bigger value of ®* will incur some transmission collisions
when the current channel status is idle due to the imperfect
sensing. Hence, the LEO system adopts smaller spectrum
sensing interval to reduce interference.

Fig.6 shows the trend of the average throughput of the
DLEO system versus the transmit power constraint Pg3*.
In general, the average throughput of the DLEO system
increases with increasing Pg3* and the angle 8. Another
phenomenon is that the curves in Fig.6 become more and
more flat because the interference power has greater influence
on the average throughput with the increase of Pg3*. Fig.7
displays the average spectrum sensing interval versus Pg3*.
Generally, the optimal sensing interval ®* decreases with the

increasing of Pg3*, and increases with increasing of angle f.

However, with the increase of Pg3*, the sensing interval
will converge to the optimal value under the constraint of
1g5™. 1t should be note that larger transmit power Pp3* will

reduce more system throughput when the value of ®* is large
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FIGURE 7. Optimal Sensing interval of the DLEO system versus the
transmit power constraint at the GEO system.
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FIGURE 8. The detection probability versus angel o« between SLEO and
GEO.

because a bigger ®* will miss more transmission opportu-
nities when the GEO current channel status is busy. Hence,
the SLEO system adopts smaller spectrum sensing interval.

Next, we examine the effect of spectrum sensing on the
system performance in Fig.[8-9]. Fig.8 shows the detection
probability versus the angle o between SLEO and GEO sys-
tem. It can be seen that the detection probability decreases
wavelike with the increase of included angle o, which is
in line with the characteristics of satellite beam. Obviously,
there are two ways to improve the detection performance.
One is in higher SNR, another is to increase the sampling
numbers. In other words, when SLEO is at the beam edge, it is
necessary to obtain ideal detection performance at the cost of
increasing the sensing time. While SLEO is in the center of
beam, the signal can be detected in a short time.

Fig.9 shows the average throughput versus sensing time.
It is observed that the general tendency of average throughput
decreases with an increasing « and spectrum sensing time
Ts. The gap among four curves decreases as the sensing
time increases, indicating that the detection probabilities of
them are gradually approaching. It is worth noting that in the
a = 1.24 case, there is no inflection point in the curve,
in contrast, the optimal sensing times exist in other cases.
It is pointed out that the SLEO satellite has higher SNR
and better sensing performance in the o« = 1.24 case,
since that increasing the sensing time may only decrease the
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FIGURE 9. Average throughput of the DLEO system versus sensing time of
SLEO system.
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FIGURE 10. Average throughput of the DLEO system versus transmission
matrix Ag, of GEO system when og,_, p3=-0.25.

transmission time. However, in other cases, increasing the
sensing time may upgrade the detection probability, and then
improve the throughput of the DLEO system. Therefore,
a trade-off between the sensing time and the transmission
time is made in order to maximize achievable throughput.
However, compared with the TPA algorithm, the
performance gain of SPA-SS algorithm is closely related to
both the transmission matrix Agy of GEO system and the
transmission delay 7; of LEO satellite. One can observe from
Fig.10 that the average throughput of the proposed SPA-SS
0.1 0.9
0.109]|
This is due to the fact that the LEO system adopts smallest

spectrum sensing interval, ®* = 1, for protecting the GEO
system when it’s very busy. Moreover, the SPA-SS algorithm
is not sensitive to the frequency of free/busy state changes
of GEO system, since it only dependents on the statistical
average. Fig.11 also shows that the SPA-SS algorithm can
effectively overcome the influence on average throughput
caused by transmission delay.

Next, Fig.12 compares the average throughput of the pro-
posed SPA-SS in the whole interference region to that of the
TPA. As shown in Fig.12, the average throughput of DLEO
system in the proposed SPA-SS is about 30% to 79% higher
than that of the TPA. Whereas for GEO system, the average
throughput decrease about 16% in the most serious area, but
this area is very small and even so, the interference is also

is almost the same as that of APC when Agy =
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FIGURE 11. Average throughput of the DLEO system versus Transmission
time 7; between S1 and E3.
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FIGURE 12. Average throughput of the DLEO system versus angel g
between S2 and S2 when og5_, g3 = —0.25.

above threshold. Another phenomenon is that the throughput
of DLEO system turns into O when it is very close to the line
between the GEO satellite and its earth station. This is due
to the interference between the DLEO and GEO system is
too large, which makes DLEO system unable to meet its own
speed requirements and the tolerable interference of the GEO
system at the same time, DLEO system will stop transmitting
signals to protect GEO system. Obviously, the non-work
region of the proposed SPA-SS is smaller than that of the
TPA, which further confirms the superiority of the proposed
scheme.

Finally, we plot the time utilization of DLEO system
against the angel oy, g3 in Fig.13. Note that the time utiliza-
tion is the proportion of available time of DLEO system in the
coverage region. In this article, the DLEO satellite coverage
region is considered as the plus or minus 2-degree range
of E3 station. Furthermore, the Angle Isolation is refer to
DLEO system works with fixed power, and will stop working
when the interference threshold of the GEO system is trig-
gered, which conforms to relevant ITU-R recommendations.
As described in Fig.13, the time utilization of SPA-SS is the
highest, with a minimum of 82%, that of TPA is second,
which is 60%, and that of Angle Isolation is the last, which
is 40%. In addition, the proposed SPA-SS is very effective in
the regions of serious interference and the time utilization of
that is monotone increasing with ogo_, g3. Meanwhile, we can
observe that the time utilization rate of the two schemes will
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FIGURE 13. Time utilization of the DLEO system versus angel o between
E2 and E3.

up to 100% when the angle oz, g3 is 3?, which means that
the GEO and LEO system has been able to communicate
normally. But for the Angle Isolation algorithm, we need to
continue to increase ogy_, g3 in order to achieve the normal
work of the two systems.

V. CONCLUSION

In this article, we propose a spectrum sharing framework
comprised of a GEO satellite and a pair of LEO satellites,
where one SLEO is used to sense the status of spectrum
occupancy of the GEO, and one DLEO satellite is allowed
to access the shared spectrum of the GEO with the aid
of the SLEO. Specifically, we analyzed the influence of
the high dynamicity of LEO satellite on spectrum sharing.
Again, in order to improve the throughput of the DLEO
satellite, a SPA-SS algorithm is proposed. Through jointly
optimize the spectrum sensing time, the sensing interval and
the LEO system transmit power to maximize the throughput
of LEO system in interference region. Meanwhile, the objec-
tive is optimized subject to the interference constraints of
the GEO system the rate constraint, the transmit power
constraint of SLEO system. Simulation results showed that
the proposed algorithm can well protect the GEO system
and achieve higher throughput of the LEO system than the
traditional spectrum-sharing scheme. For the future work,
as the large-scale constellation of the LEO satellites have
been widely deployed, we will extend the proposed algorithm
to spectrum sharing between multi-LEO satellites and GEO
system under the influence of satellite perturbation.
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