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Abstract

Recently, to make the best use of limited and precious spectrum resources, spec-
trum sharing between satellite and cellular networks has received much interest. In
this study, we mathematically analyze the success probability of a fixed (satellite)
earth station (FES) based on a stochastic geometry framework. Both the FES and
base stations (BSs) are assumed to be equipped with a directional antenna, and the
location and the number of BSs are modeled based on the Poisson point process.
Furthermore, an exclusion zone is considered, in which the BSs are prohibited from
locating in a circular zone with a certain radius around the FES to protect it from
severe interference from the cellular BSs. We validate the analytical results on the
success probability of the cognitive satellite-terrestrial network with directional an-
tennas by comparing it using extensive computer simulations and show the effect of
the exclusion zone on the success probability at the FES. It is shown that the exclu-
sion zone-based interference mitigation technique significantly improves the success

probability as the exclusion zone increases.
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role in the future B5G system to satisfy the requirements of
ultra-high data rate and seamless coverage [3].

One of the most natural methods to meet beyond fifth-gen-
eration (B5G) system requirements, such as ultra-high data
rates, ultra-low power consumption, intelligent network oper-
ation, and all-time seamless coverage, is to expand the utilized
frequency bandwidth of wireless systems [1,2]. However,
bandwidth expansion is not easy because of the scarcity of fre-
quency resources. In addition, integrated satellite-terrestrial
networks have received much attention from both industry and
academia because satellites are expected to play an important

Recently, the Federal Communications Commission re-
allocated the 3.7 Ghz—4.5 GHz band (C-band), where the
fixed (satellite) earth stations (FESs) are primarily incumbent
for flexible use, including fifth-generation (5G) [4]. Within
this band, the lower 280 MHz (3.7 GHz—3.98 GHz band) is
allocated for mobile use and the next 20 MHz above (3.98
GHz—-4.0 GHz) will serve as a guard band. Another band (4.0
GHz—4.2 GHz) will be provided to operate satellite networks
with FES. Although there is a guard band, the existence of
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different networks in adjacent channels may cause significant
inter-network interference. In fact, the interference from 5G
networks to satellite networks affects not only the C-band but
also the 28 GHz bands, where only uplink fixed satellite ser-
vices (FSSs) operate.

Therefore, interference mitigation/management tech-
niques between fixed satellite networks and cellular
networks have been actively investigated. In [5,6], the
interference mitigation between the International Mobile
Telecommunications-Advanced (IMT-A) and FSSs has
been studied by exploiting a null-steering beamforming
technique and protection zone concept, respectively. In
the coexistence scenario of satellite up/downlinks and
cellular downlinks, the required minimum protection ra-
dius around an FSS earth station according to the average
aggregate interference threshold has been analyzed with
omni-directional and directional base stations (BSs) [7].
In [8], interference mitigation techniques based on an an-
gular-domain exclusion zone, uplink power control, and
guard bands have been jointly investigated [8]. By consid-
ering a three-dimensional modeling map, the aggregate in-
terference has been considered by computer simulations as
well. In addition to these studies, [9—11] investigated the
spectrum sharing and cognitive satellite-terrestrial net-
work in which both satellite and terrestrial (including 5G)
networks are downlinks. Among the existing interference
mitigation techniques for FSSs, the separation between the
FES and terrestrial stations with high output power has
been particularly actively investigated in many studies. In
this paper, we also include this separation as a baseline in-
terference mitigation technique, and we call the protection
region the exclusion zone.

The interference from each (terrestrial) cellular BS to the
FSS in general depends on the distance between the BS and
FSS as well as the beam orientation (boresight direction) of
both stations with directional antennas. A stochastic geom-
etry (SG) framework has been adopted to model geometric
properties in analyzing the effect of interference in wireless
networks [12-15]. In the SG framework, the Poisson point
process (PPP) is typically utilized to model the locations of
the transmitter. In [16], the outage probability of receivers
(BSs and satellite users) was analyzed based on PPP in cog-
nitive satellite-terrestrial networks that consist of stations
with directional antennas. However, the closed-form outage
probability was not provided, and only approximation was
exploited to obtain the outage probability [16]. The charac-
teristics of aggregate interference at a primary receiver in
cognitive radio networks were analyzed in terms of the prob-
ability density function and cumulative distribution function,
where the exclusion zone concept was adopted [17]. On the
other hand, in [18], the effect of directional antenna on suc-
cess probability, also known as coverage probability, was

mathematically analyzed, but the exclusion zone was not
considered.

In this study, we use the SG framework to mathemati-
cally analyze the success probability of the FES in a sat-
ellite and terrestrial spectrum-shared network where the
cellular downlink is allowed to use the same frequency as
that used by the satellite station (SS) downlink. We assume
that all cellular BSs and the FES are equipped with direc-
tional antennas, and the locations of cellular BSs are mod-
eled using a PPP. For tractability of mathematical analysis,
the directional antennas have an ideal transmit/receive beam
pattern, as in [18]. In particular, we consider the exclusion
zone as an interference mitigation technique, in which cel-
lular BSs are prohibited from deployment in a certain area
around the FES. Through extensive computer simulations,
the mathematical analysis is first validated and it is verified
that the exclusion zone can efficiently improve the success
probability.

Our contributions in this paper are summarized as follows:

1. For practical cellular networks, we consider the direc-
tional antenna gain in characterizing the interference
from cellular to satellite networks.

2. The interference mitigation technique based on an exclu-
sion zone is considered for the spectrum-shared network,
and its performance is mathematically characterized.

The rest of this paper is organized as follows. In Section 2,
the system model of the satellite and terrestrial spectrum-shared
network with directional antennas and the concept of an exclu-
sion zone are described. In Section 3, the success probability
based on the SG is mathematically analyzed. Section 4 pres-
ents the numerical results and validates the mathematical anal-
ysis. Finally, the conclusions are drawn in Section 5.

2 | SYSTEM MODEL

We consider a spectrum-sharing scenario between a satel-
lite and cellular networks, which consists of a single FES
and multiple terrestrial BSs with directional antennas. We
focus on the downlink case for both networks and thus only
consider the interference from terrestrial cellular BSs to the
FES. To protect the satellite communication from the inter-
ference of the cellular network, a circular exclusion zone
is defined as the area where the BS of the cellular network
cannot be deployed. The radius of the exclusion zone is as-
sumed to be Rg.

The cellular network is modeled by a non-homogeneous
PPP, @ = {x;}, of intensity A> 0 in the area outside the exclu-
sion zone. The PPP ©® models the placement of the BS in
two-dimensional ground, and then, x, € R? represents the
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location of the k-th BS. With the exclusion zone, a BS de-
ployment constraint can be represented as lx,|> Rg. Owing to
Slivnyak's theorem [12], the FES is assumed to be located at
the origin of a two-dimensional space (the ground). On the
other hand, the SS that communicates with the FES is located
in three-dimensional space at distance d, and elevation angle
0, from the FES. The distance d, is calculated as

d,\ 6371500 (0,) +H2 +2x H X 6371~ 637 Isin () (km)

[19], where H denotes the altitude of the SS and 6371(km) is
the Earth's radius.

2.1 | Gain patterns and orientation

The SS and FES are assumed to be equipped with the same
three-dimensional directional antenna gain of G,. The direc-
tional beam gain of certain direction at the FES is determined
by two parameters: azimuth angle ¢, and elevation angle 6,
that is, G: 0, p, » R* for a given beamwidth w, [18]. These
two angles are relative angles based on the orientation of the
FES. Without loss of generality, the orientation of the FES
is assumed to have a negative value in the x-axis for a given
elevation angle 6, as shown in Figure 1. On the other hand,
the antenna gain pattern of BS G, is dealt with in two-dimen-
sional space on the ground because the height of the BSs is
negligible compared with the SS and its beam direction faces
down in general. Thus, G, depends on the relative azimuth
angle about the orientation of the BS ¢,, that is, G,: ¢, — R*
for a given beamwidth ..

For simplicity, we assume that the antenna gains of all sta-
tions have an ideal antenna beam pattern, as shown in Figure 2.
The antenna beam patterns G, and G, are symmetric for an orien-
tation angle. Specifically, beam pattern gain G, has only two dis-
crete values according to the side lobe and main lobe. Therefore,
the probability mass function of G, is given as follows:

@, .
2_’ if 8c=8c,1

P, 8=y " o, ; (1)
I_E» if 8c=8c2

k -th Cellular
BS

where g | and g , denote the gains of the main and side lobes of
the BSs, respectively, and the beam gain of the BSs is normal-
ized for all directions, that is, (1/2x) Jf” G, (6)do=1. Thus,
the gain of the main lobes of the BSs is obtained for a given g. ,
(0 < gep <2727 — w,)) as

21— gcy2(27r —w,)
— >0

8c1 = 2)

COC

For beam pattern gain Gy, if the elevation angles of
FES 6, are greater than o /2, the beam pattern gain has a sin-
gle gain value in the side lobe in the direction of the BSs.
However, if 6, is smaller than w /2, the beam pattern gain has
two discrete gain values according to the side lobe and main
lobe for the direction to the BSs.

o} i
P if gs=gs,1

a)§
stw‘(gs)= 2n o, | ,forOSBSST‘, 3)
) 1__’ lfgs=g52
2r ’
. ® o
Po,, (8)=1.if g=gp for<0,<Z. ()

where g | and g; , denote the gains of the main and side lobes of
stations in the satellite network, respectively. In addition, for the
normalized beam gain, g, | and g; , are given as follows:

Pt,s — 47[_gs,2 (A _AZ (ws))
LT A, (@)

where A = 4n, A (w,) =], j;j;o sin (¢p) dpdb, A,(w,) =
A — Aj(w,), and P, denotes the transmit power at the SS.
Figure 3 shows an example of the network model where
the exclusion zone is applied in the satellite and cellular
coexistence network. The blue asterisk at the origin rep-
resents the FES, and the black, blue, magenta, and red
circles represent the randomly distributed cellular BSs
that have the side lobe-to-side lobe, main lobe-to-side
lobe, side lobe-to-main lobe, and main lobe-to-main lobe

)

gs,2 =

Y
N

FIGURE 1 System model on the
ground where the cellular BSs and the FES
exist.
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FIGURE 2 Ideally symmetric and sectorized beam pattern of stations: (A) Cellular BS, G, and (B) Stations in satellite network, G

TX-RX beam patterns, respectively. The circular sector
radiated at each point represents the main lobe beam. The
red translucent circle around the origin represents the ex-
clusion zone.

2.2 | Channel model

In this paper, we consider large-scale propagation loss with
small-scale Rayleigh fading when modeling the channel be-
tween stations. The received interference power at the FES
from the k-th BS is given by

Pr,k =Pt,CGc (¢c,k) Gs (65’ ¢s,k) hkd]:al’ (6)

where P, . denotes the transmit power of the BSs, ¢, , denotes
the relative azimuth angle of the FES from the orientation
angle of the k-th BS, and ¢, denotes the relative azimuth
angle of the k-th BS from the orientation angle of the FES.
Both angles ¢, and ¢, become uniformly distributed over
[—=, 7). The distance between the k-th BS and the FES is rep-
resented as d,(:=llxll), and a; denotes the path-loss exponent
of the wireless link between a BS and the FES. We assume
a; = 3 in this study. The small-scale fading channel gain from
the k-th BS to FES /£, is assumed to follow an identically in-
dependently distributed exponential distribution, that is, h;:-
exp(1). Similarly, the received signal power at the FES from
the SS is given by

Pr,s=Pt,sgc,1gc,1hsL(ds’es’f;:)_l, (7)

FIGURE 3 Exclusion zone-based network model with directional
antenna nodes.

where g denotes the fading channel gain of the satellite signal
link, which is also assumed to follow an exponential distribution
with unit mean. Further, L(d,, 6,, f,) denotes a simplified path
loss, referring to the path loss provided by 3GPP and ITU-R in
a non-terrestrial network [19,20]. Under the assumptions of an
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open environment for the FES, line of sight, and no scintilla-
tion, the path loss in dB is given as follows:

4x1072
sin (6,) '

L (d,,0,.f.) =32.45+20log, (f;) +20log,, (d) + (8)

where f; denotes the center frequency in Ghz and is given as
four in this study. We assume the orientations of the SS and
FES are perfectly steered toward each other, that is, a satellite
signal is sent and received via a main lobe-to-main lobe an-
tenna beam pattern.

At the FES, the success probability of communication is
defined as

IS

i >p )
K: wi+No ’

P, =Pr(SINR >} =Pr {
Zici

where N, denotes the thermal noise power at the FES and j de-
notes the signal-to-interference-plus-noise ratio (SINR) thresh-
old for the success probability.

3 | PERFORMANCE ANALYSIS OF
THE SUCCESS PROBABILITY

In this section, we mathematically analyze the success prob-
ability of FES in the coexistence of FSS and cellular network
with the exclusion zone, where BSs are distributed based on
the PPP. The success probability (9) is given as a tractable
form as follows:

Prs
%ZPI' K—,>ﬂ
=1 k+N0

P Pisgouhild, 0.1 2/ }
=rr
ZI[:— Pth (¢c k)G (es,d)s k)hkd_al+N9
@ped 5 Yier PGbe) G0, )™\ (10)
P&l L(dy, 0, f)7!

BNy
XPrq P> —
&2 hL(dy 0, f)!

_E, [exp (—sly) exp (%)

where (@) comes from the memoryless property of exponential
distribution, Iy=Y} | PG, (¢es) G (05 dbyi) ud " and
5= B/ (P& L(dy 0. f) D).

In (10), the first expectation can be expressed as

E,, [eXP (_SIO)] =Eo6.6,n [H PRt OO A CRNEA al}

_ X ED
=Eq H[Eccycsws.h[ =3P, Ge Gy ]]
i o (11)
()
=Eo Hv(uxku)] =exp —j{l—v(x)uoc)dx
X ED
: Rg
=exp|— J [EGC,G,.W P [1 e3P GeCyjo, ™ 1] A)dx |,
L Re

where (b) comes from Campbell's theorem and considers that
the intensity on the exclusion zone is equal to zero, that is,
AMx)=0for0<x<Rg.

In (11), the integration is solved as

| By l1=€ 000 a g ax
Rg
=[EchGs\os-h )m'J' (1 e_YP GGy hx™ 1) 2xdx
Re (12)

. 2
=31 | { (1= ) (~RE) + ol

2 —a
1— =, phR." ,
7 < ay P >}]

where sl6; and y(-) is the lower incomplete gamma
function. We calculate the expectation for 4 in (12) as

E [{ (1=7%") (=R2)+ oy’ 1 <1 _ a%”’hREa') }]

(e e
(13)

0

2
+ J (ph)« y (1 - z, thE”) e dh.
a
0

=sP,.G.G

1

In (13), the integration of the first term is solved as
and the second term is given as

J (1 - e—ﬂ"RE"’> (-R2

0 o0

() [ et
0

) e"dh

2 —a, —h
J(ph)“l y <l—a—,thE 1> e "'dh

1

2 2
=pu Jh(H“_l)_le_hy <1— l,th;:a’> dh
ay

0
2—a, —a
pR.! pR_" (15)
- E i 120-2, 28 )
)2 ay pR Tl

(1—§>(pR;”'+1
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2—a, 2—a,
pRE 1 pRE 1 )
A7EG G, _pR_a’+1 + . I oF 1’2;2_0!_;—,0R_a’+1
E (l_a_,> (PR +1) 1 PRy
© o 2—q, 2—a,
pR; pR;
ZﬂﬂJJ - R_(]f’ 1+ N E 22F1 1,2,2—2’ R
+ ~a a
oo | PTE (l_a_,>(/’REl+1) re

2_
sP, 8.8y P 8.8:R;;
=Ar

—a,
PR
+1

2—a;

PR ) (16)

) Pa, (8¢) Pay,, (8:) dseds,

2 . SPt,cgcgsnga’

SPt,cgcgst_a[

E SPl,cgcgs

TPkl (12 Tk <1’2;2‘;’W
gce{gc,l’gcl}gse{gs,hgsl} $1c8c8s E + (1—;) (SPt,cgcgsRE ,+1) 1 SFc8c8s E +
1

>}PGc (gc)pg\, (85)-

a7

Po=exp|sNy—Ax

where ,F| is a Gaussian hypergeometric function. Substituting
(14) and (15) into (12) and taking the expectation of the beam
gains, (16) is given by including the probability mass function
of beam patterns pg_and pg . Finally, the success probability
at the FES where the satellite and cellular networks coexist is
derived as (17).

4 | SIMULATION RESULTS

In this section, we validate the mathematical analysis in
Section 3 through extensive Monte Carlo simulations. The
simulation parameters are summarized in Table 1.

Figure 4 shows the success probability of the FES for
varying values of density (4) of the cellular BS in the satel-
lite and terrestrial spectrum-shared network with directional
antennas. In particular, various SINR threshold values $ and
two distinct altitude angles of the FES 6, are considered for a

TABLE 1 Simulation parameters
Parameter Value
Py 20 W
P, 10W
H, 600 km
o 3
oX 7°
W, 30°
8.1 41.40 dBi
&2 —10 dBi
8,1 10 dBi
8ca —7.40 dBi
Bandwidth 10 MHz
Noise spectral density —172.6 dBm/Hz

2—a —a,

R 2 sP g.gR."

E tcdcds ' g

Pk T o (12 2B e |
8c:€{ 8182 880180} Slte8e8sg (1_‘,_’) (SPt,cgcgsRE l+1)

al ’ sPt,cgcgsR};a’ + 1

109 =--9-- ¥
2\1071 U Case 1 : wy/2 < b N
= ¥ B =20dB,6; = 60° (Simulation) N
£ — B =20dB, 6, = 60° (Analysis) Y
S % /= 24dB,0, = 60° (Simulation) Q
= — (= 24dB, §, = 60° (Analysis) b
= s B =28dB,0, = 60° (Simulation)
5 — (= 28dB, 65 = 60° (Analysis)
§ 10_2 i Case 2 : w,/2 > 6, :
|75} O 3 = —14dB, 6, = 3° (Simulation) i
— - 8= —14dB, 6, = 3° (Analysis) . \
O 3= —10dB, f; = 3° (Simulation) " ‘
- - = -10dB, 65 = 3° (Analysis) \ \
O 3 =—6dB, 6, = 3° (Simulation) \ \
- - 3=—6dB,0, = 3° (Analysis) \ !
_3 \ \
10 5 | 0
10~ 10 10

A (number of BS/km?)

FIGURE 4 Success probability of FES when varying the density
of terrestrial BSs.

given Ry = 2000 m. It is worth noting that the analytical re-
sults match well with the simulation results, which validates
the mathematical analysis proposed in this paper. As the
SINR threshold increases or the density of the BSs increases,
the success probability decreases for all 6, as expected. For
case 2, the interference from BSs becomes relatively large
because w/2 > 6. Then, the success probability decreases
quickly as the density of the BSs increases in this case. For
case 1, on the other hand, the interference from the BSs be-
comes relatively small because w/2 < 6. In this case, the
success probability decreases slowly as the density of BSs
increases because all interference from the BSs arrives at the
FES via a side-lobe antenna beam pattern.

Figure 5 shows the success probability of the FES for var-
ious radius values of the exclusion zone R when 4 =1 is the
number of BSs/km?. The results for various 6, and p values
are similar to the results in Figure 4. When Ry, is same as 0,
the SINR thresholds g of cases 1 and 2 are set, and the
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6000 T T
PTZADHE
< ¢ ACOY
2 ,O’G .O‘O Case 1: m</2<9
= 6 ’0’6 ¥ 6 =20dB, 6, = 60° (Simulation)
<= < & 2% O»<> 3 =20dB, 0, = 60° (Analysis)
'g _ A o ¥ B =24dB, 6 = 60° (Simulation)
E_lo N 0 b — 3 =24dB, 6, = 60° (Analysis)
2 0 ’6 ¥ 3 =28dB, 6, = 60° (Simulation)
b &5 <5 — B =28dB, 6, = 60° (Analysis)
§ PR( Case 2 : wy/2 > 0
w3 A { B=—14dB,0, = 3° (Simulation)
10 _6 v — - 8= —14dB, 6; = 3° (Analysis)
B = —12dB, 6; = 3° (Simulation)
—O- 3= —12dB, 6; = 3° (Analysis)
O 3= —-10dB, 6, = 3° (Simulation)
1074 — - 3=-10dB, 6, = 3° (Analysis)
0 5 10 15 20 25 30
FIGURE 5 Success probability of FES for various exclusion zone

radius values, Ry

simulation results with the same color line do not differ sig-
nificantly. As Ry increases, case 1 appears more rapidly than
case 2 in terms of the change in performance of success prob-
ability. This means that Ry is much more dominant in case 1
than in case 2. This is because the power of the satellite signal
received at the FES is stronger in case 1 than in case 2 be-
cause of the path loss and the distance between the SS and
FES. Another reason is that the larger average interference
temperature reduces the dependent influence on the distance
to the interferers.

In Figure 6, the simulation results show the success prob-
ability of FES for various FES elevation angles, 6,, which

100¢
f N0 0-(}
107! ' 566000090
o &Y YT
& 69
2z < & ¢
1072 2% s
A
e e
; s
21073 /
SR
= - {
N ’
4l ; B = 20 dB (Simulati
= 1mulal lOn H
1 A O — - 3 =20dB (Analysis)
> ,I O 8 =24 dB (Simulation)
T --[3=24 dB (Analysm
10—5 1 I
4 10 20 30 40 50 60 70 80 90
05 (degree)
FIGURE 6 Success probability of FES for various elevation

angles of the FES, 0,

is greater than w2, with various thresholds when 1 =1 is
the number of BSs/km”>. As the elevation angle increases, the
distance between the SS and FES is smaller and the effect of
atmospheric gases in the path loss term is reduced, which in-
creases the performance. According to 6, the rate of change
of success probability in the dB domain is different because
all 6, in the path loss vary as a sine function and for low &,
the amount of change in the sine function is relatively large
compared to that of 6.

In Figures 5 and 6, we can see that our mathematical anal-
ysis has significant value by comparing the analytical and
simulation results.

5 | CONCLUSIONS

In this study, the performance of a satellite and terrestrial
spectrum-shared network with directional antennas was
mathematically analyzed based on an SG framework. In
particular, the success probability of an FES was investi-
gated by considering the interference from multiple BSs.
An ideal directional antenna beam pattern was assumed
for mathematical tractability, and a circular exclusion zone
was considered as an interference mitigation technique.
Through computer simulations, the analytical results
proposed in this paper were validated for various system
parameters.
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