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Abstract—Owing to the growing demand for ubiquitous con-
nectivity, low earth orbit (LEQ) satellite-based communication
networks are envisioned as a key-enabling technology for the next-
generation networks. However, the existing literature disregards
the heterogeneous nature of the real-world LEO satellite networks.
Motivated by this, in this paper, an analytical framework based
on stochastic geometry is developed, aiming to assess the down-
link coverage performance of the large-scale heterogeneous LEO
satellite-based communication networks. Based on the proposed
mathematical framework, we derive the analytical expressions for
the coverage probability, by taking into account the existence of
inter-cell interference. Our results show that the inter-cell inter-
ference and fading channels jeopardize the coverage performance.
Moreover, increasing the transmit power can improve the coverage
probability at the low signal-to-noise ratio regime. Finally, we
demonstrate that a higher coverage probability is achieved by
narrowing the beam and/or by lowering the altitude of the LEO
satellites.

Index Terms—LEO satellites, stochastic geometry, interference,
coverage performance, heterogeneous networks.

I. INTRODUCTION

As one of the critical solutions for the sixth generation (6G)
networks, low earth orbit (LEO) satellite-based communication
system has recently attracted substantial attention from both
industry and academia [1]. Over the past few years, around
4,700 LEO satellites have been successfully launched by vari-
ous companies, such as SpaceX, Amazon and OneWeb, aiming
at providing satellite-based cellular service [2]. In contrast to
the existing geostationary (GEO) satellites that are typically de-
ployed at high altitude, the LEO satellites have many promising
features and advantages over the GEO satellites, such as higher
spatial flexibility, lower latency and lower deployment cost
[3]. The potential benefits of the LEO satellite-aided networks
have been extensively investigated in the literature [1]-[6].
Specifically, the authors in [1] present a comprehensive de-
velopment roadmap of LEO satellite communication networks
and study the unique advantages of applying LEO satellites over
conventional terrestrial networks, such as high communication
reliability, seamless global coverage and superior survivability.
Moreover, the authors in [3] deal with an ultra-dense LEO
satellite-based network, indicating that the network deployment
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with LEO satellites achieves larger capacity and lower latency
compared to this one with the GEO satellites. Besides these
benefits, the ultra-dense deployment of LEO satellites poses
new challenges on the network modelling and analysis.

Recently the concept of stochastic geometry (SG) has been
utilized for analysing the performance of LEO satellite-based
communication systems, which is shown as a powerful and
tractable mathematical tool for analysing the impact of key
parameters on the network performance [4]-[6]. The authors in
[4] investigate the coverage performance of the large-scale LEO
satellites networks by assuming that the spatial deployment of
satellites follows a homogeneous Poisson point process (PPP),
while a practical satellite-to-ground (StG) path-loss model is
proposed. This work is further extended in [5], where the
optimal satellites’ altitude for achieving the highest coverage
probability is numerically demonstrated. Moreover, the authors
in [6] study the downlink performance of LEO satellite-based
systems by modelling the LEO satellites according to a ho-
mogeneous binomial point process (BPP), where an iterative
algorithm is proposed to maximize the transmission rate and
the system throughput. It should be noted that the fundamental
performance of the LEO satellite-based networks is discussed in
the aforementioned works, which are based on the assumption
that large number of identical LEO satellites are deployed
on the same altitude. In practice, the LEO satellite-based
networks are highly-heterogeneous, i.e. various types of LEO
satellites are generally deployed at different altitudes [1]-[3].
Moreover, the ultra-dense deployment of LEO satellites leads
to the unprecedented increment of the interference, which is
overlooked by the current literature.

Motivated by the above, in this work, we study the achieved
performance of a large-scale heterogeneous ultra-dense LEO
satellite-based network under the presence of inter-cell inter-
ference. More specifically, we investigate the downlink cov-
erage performance for LEO satellite-based networks with a
heterogeneous topology, where different types of LEO satellites
are deployed on the different altitudes, and the locations of
the LEO satellites are modelled according to multiple inde-
pendent homogeneous PPPs. By leveraging tools from SG,
we establish a tractable mathematical framework, where the
coverage probability is analytically derived and the impact of
several key network parameters on the network performance is
discussed. Our results demonstrate that increasing the transmit
power improves the coverage performance at the low signal-



Fig. 1: Network topology of a K-tier LEO satellites network.

to-noise ratio (SNR) scenarios. In addition, the interference
has a significant negative effect on the downlink coverage
performance for the considered LEO satellite-based networks.
Finally, it is illustrated that by narrowing the beamwidth or
decreasing the altitude of the LEO satellites, the coverage
probability can be significantly improved.

Notation: T'(-) and ~(-,-) denote the Gamma and the lower
incomplete Gamma functions, respectively; 1 Fy (+;+;+) is the
confluent hypergeometric function of the first kind; (n)! denotes
the factorial of n; (m), denotes the Pochhammer symbol; H(-)
denotes the Heaviside function.

II. SYSTEM MODEL
A. Network model

We consider a multi-tier massive constellation setup as
represented in Fig. 1, where LEO satellites are deployed at
K different spherical surfaces concentric with the Earth, of
altitudes Hy, with Hy < Hpy, V1 < kB < K — 1.
For each tier constellation, the LEO satellites’ locations are
assumed to be distributed according to a homogeneous PPP,
ie. @, with intensity )\, =~ M(RQW, where Ry is the
Earth radius and NV, is the number of LEO satellites within
the k-th tier constellation; while ®; and ®; for ¢ # j are
independent [4]. We assume that all LEO satellites transmit
signals with identical power P; (ABW). In addition, we assume
that the locations of the ground user equipments (gUEs) follow
a uniform distribution. Without loss of generality and based on
the Slivnyak’s theorem, we perform our analysis for the typical
gUE as shown in Fig. 1, while our results hold for any gUE in
the network [7]. Let z; ; denote the location of the i-th LEO
satellite of the k-th tier constellation, with distance r; ; from
the typical gUE. Since gUEs can only receive the signals from
the LEO satellites above their local horizons, the maximum
distance between a gUE and a LEO satellite in the k-th tier is

given by rmax, = /Hi + 2H,Rg [41-[6].

B. Satellite-to-ground channel model

We assume that StG wireless channels experience both small-
scale block fading and large-scale path-loss effect. Specifically,
we adopt a well-known Shadowed-Rician model for the small-
scale fading of the StG channels [2], [3], [6]. The cumulative

distribution function (CDF) of the channel power gain is given
by

Fi(z) = <2£§,Zg)m i an((T:)Jr 1) (2me+ Q>
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where €2 and 2b are the average power for the line of sight
(LOS) and the multi-path components, respectively, m is the
fading parameters based on the Nakagami-m fading channels,
and (m), = Fg?;f ) is the Pochhammer symbol [6].
Regarding the large-scale fading, we adopt a practical StG
path-loss model, which captures the blockage effects near the
ground [4], [S5]. More specifically, the path-loss between the

typical gUE and the LEO satellite located at z; j is given by

2 2
g, Hy) = (m) £(0;.r), where (m) is the
free-space path-loss, f. is the carrier frequency and £(0; 1) is
the excess gain which depends on the elevation angles, i.e. §; .
For the sake of simplicity, we approximate the excess gain as
its mean value, which is given by
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where p = (In10)/10, oLos, ONLoSs MLoSs HNLos are the
parameters depending on the propagation environment, 0; j, =
arccos((R% + 7’1-27k — (Rg + Hy)?)/(2r; kRg)) is the Earth-

centered zenith angle with respect to the LEO satellite located
. R
at x; . and pros(0; k) = exp(—Fsinb; i /(cos b, — ﬁfH’c))

is the probability of the LOS component [5], [8].

+ PNLos(6ik) exp ( - pMNLos> , 2)

C. Sectorized antenna model

We assume that each LEO satellite generates a single beam
perpendicular to the ground with beamwidth 1), as shown in
Fig. 2, while each gUE has single omnidirectional antenna.
For the sake of simplicity, we approximate the actual beam
pattern with a sectorized model. More specifically, the gUEs
located within the main-lobe area of the LEO satellites’ beam
achieve an array gain equal to G, , while the rest, experience
an array gain equal to Gy [4]-[6]. In addition, the main-
and the side-lobe gains are given by G, ~ 32000/17 and
Gs.; = (G 1, respectively, where ¢ is the loss coefficient of
the antenna directivity [9]-[12]. Hence, the antenna gain of the
link between the typical gUE and the LEO satellite located at
;) 18 given by
Gk(ri,k) _ Gm,k7

Gs,k:a

Tik < Rk
Tik = Bk,

3

where
Ry =(Hy + Rg) cos (¢1,/2)
— V/(Hy, + Ro)? cos? (x/2) — Hi(Hy + 2Rs),
represents the maximum distance between a gUE and a LEO

satellite to locate within its main-lobe area. For LEO satellite
scenarios with Hj, < Rg, we have R, j ~ cos(qupii/z)
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Fig. 2: Beamforming model for k-th tier LEO satellites, with
beamwidth ), main- and side-lobe gains Gy, and G,
respectively.

III. HETEROGENEOUS LEO SATELLITE-BASED CELLULAR
NETWORKS

We evaluate the coverage performance for the considered
LEO satellite-based networks. Initially, we characterize the
distribution of the distance from a gUE to its closest LEO
satellite from each tier constellation. Then, we derive the
association probability and the conditional distribution of the
distance from a gUE to its serving LEO satellite. Finally, we
evaluate the average aggregate interference power observed at
the typical gUE and present the analytical expression for the
downlink coverage probability.

A. Distance distribution

Let 1 1 represent the Euclidean distance between the typical
gUE and its closest LEO satellite that belongs in the k-th tier
constellation. The probability density function (PDF) of rg  is
provided in the following Lemma.

Lemma 1. The PDF of the distance from the typical gUE to the
closest LEO satellite that belongs in the k-th tier constellation
is given by

Ay (r* — H?
St i) = Ayrexp (<22 )
where 1 € [Hy, "max,, ) and Ay = QWAk%%@Hk'
Proof. See Appendix A. -

Since StG wireless signals suffer from the significant path-
loss due to the long propagation distance, we consider that each
gUE communicates with its closest LEO satellite to maintain
an acceptable received signal quality [2], [4]. The association
probability is presented in the following Lemma.

Lemma 2. A gUE is associated with a k-th tier LEO satellite
with a probability that is given by

K rH ¢ A;(r? — H?
A = Z/H Apr Hexp <](2])> dr, (5)
i=k Y Hi j=1

where Hi 11 = Tmaxg-

Proof. See Appendix B. O

i+1

To facilitate the analysis of the downlink coverage probability
achieved by the considered network deployments, we provide

the analytical expression for the conditional PDF of the contact
distance, i.e. the distance from the typical gUE to its serving
LEO satellite, in the following Lemma.

Lemma 3. The PDF of the distance from the typical gUE to
its serving satellite, i.e. f(r|Ay) is given by

K . i 2 2
Agrl(i,r) A;(r* — Hj)

f(7‘|-/4k):' P —Zf , (6)

i=k Jj=1
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0, others.

Proof. The proof follows a similar methodology as [13, Lemma
3], and thus it is omitted due to the space limitation. O

It is worth emphasising that by adopting different network
parameters, the results provided in the aforementioned Lemmas
hold for various network topologies. In particular, by assuming
H, =H,V1<k<K,ie. all LEO satellites are deployed
at the same altitude, we obtain the conventional topology
of heterogeneous networks for LEO satellite communication
scenarios [13], while by selecting Hy = H, ¥, = % and
A = A, V1 <k < K, we obtain the corresponding results
for the single-tier LEO satellite networks that are investigated

in [4], [5].

B. Coverage performance

We now investigate the downlink coverage performance of
the considered LEO satellite-based heterogeneous networks.
Initially, the average power of the interference observed at the
typical gUE is evaluated in the following Proposition.

Proposition 1. The average power of the aggregate interfer-
ence observed at the typical gUE is given by

Z(rox) = Pi(2b + Q)k Zf{ (H(Rm,j —Tok)

R"le Tmaxj
(/ Ajg(’l", Hj)Gm’deT-l-/ Ajg(’f', Hj)Gsyj’)"dT>

70,k R s J

+/ ’ Ajf(?‘, Hj)GS’jT‘dT"H(RmJ‘ _TO,k))v
Rvn,j

where H(-) represents the Heaviside function [14], H(-) =
1 —H(-) and k € [0, 1] is the interference mitigation factor'.

Proof. See Appendix C. O

We define the coverage probability as the probability that
the signal-to-interference-plus-noise ratio (SINR) at the typ-
ical gUE is greater than a predefined threshold w (dB), i.e.
P{SINR > w}. The analytical expression for the coverage
probability is presented in the following Theorem.

I is used to capture the ability of practical protocols in reducing the co-

channel interference. For the scenarios with kK — 0 as discussed in [2], the
interference is totally removed, while x — 1 represents the worst case, i.e. an
interference mitigation scheme is not deployed.
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Fig. 3: Coverage probability versus the
transmit power, for different decoding
thresholds.

Theorem 1. The coverage probability is given by

Pelw) 3 Pes()Ar, ®)

where P, (w) is given by (9) and o? represents the thermal
noise power.

Proof. See Appendix D. [

IV. NUMERICAL RESULTS

In this section, we provide simulation and theoretical results
to validate the accuracy of our model, and to illustrate the
impact of several key network parameters on the performance
of the considered heterogeneous LEO satellite-based network.
Unless other stated, in our results we use the following param-
eters: K = 3, H; = 500 km, Hy, = 600 km, H3 = 700 km,
N; = 1000, Ny = 800, N3 = 600, ¢; = 0.8°, 12 = 0.6,
3 = 0.4°, Rg = 6371 km, 0? = 3.6 x 1072, ¢ = 0.01,
Pt =15 dBW, ﬁ = 2.3, 01,08 — 2.8 dB, ONLoS — 9 dB,
HLoS — 0 dB, HUNLoS = 12 dB, fc =2 GHZ, b = 0158,
m =194, 2 =1.29, k =1 [2], [5].

Fig. 3 illustrates the impact of the transmit power on the
achieved coverage performance. In particular, Fig. 3 plots the
coverage probability, P., versus the transmit power P, (dBW)
for different decoding thresholds, i.e. w € {—10,—15,—20}
dB. Firstly, we can observe that the coverage probability
decreases with the increase of the decoding threshold. This was
expected since by increasing the decoding threshold, the ability
of a gUE to successfully decode the received signal reduces.
Furthermore, we can easily observe that, the transmit power
causes an increase of the coverage performance experienced by
a gUE. This observation is due to the fact that, the increased
transmit power leads to an enhanced intended signal strength,

w (dB)

Fig. 4. Coverage probability versus the
decoding threshold, for different interfer-
ence mitigation factors and altitudes.
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Fig. 5: Coverage probability versus the
decoding threshold, for different types of
fading channels and beamwidth.

and thus improving the coverage probability. In addition, it
is clear from the figure that the coverage probability asymp-
totically converges to a constant value. As expected, since
as the transmission power of the transmitters increases, the
noise is dominated by the inter-cell interference, leading to a
constant coverage probability. Finally, the agreement between
the theoretical results (markers) and the simulation results
(curves) validates our mathematical analysis.

Fig. 4 depicts the effect of the interference and the con-
stellations’ altitudes on the achieved coverage performance.
Specifically, Fig. 4 plots the coverage probability P, versus the
decoding threshold w (dB) for different interference mitigation
factors, i.e. k € {0,1} and different altitudes of the constella-
tions, i.e. (Hy, Ha, H3) = (500,600, 700) km, (H;, Ha, H3) =
(750,900, 1050) km and (H;, Hs, H3) = (1000, 1200, 1400)
km. Initially, it can be observed that the interference has a
significant negative impact on the network performance. More
specifically, by taking into account the interference (i.e. k = 1),
the achieved coverage probability is much smaller than the
non-interference scenario (i.e. x = (), which is investigated
in [2], [6]. This can be explained based on the fact that, the
gUEs suffer from the severe interference from other satellites
due to the ultra-dense deployment of the LEO satellites, that
degrades SINR observed at the gUEs. Hence, the interference
mitigation techniques are essential for ensuring the communi-
cations quality of the ultra-dense LEO satellite-based networks.
Moreover, we can easily observe that the coverage probability
decreases with the increase of the constellations’ altitudes. This
was expected since higher altitudes of the constellations leads
to a longer propagation distance between the gUEs and its
serving satellites, which generally leads to a lower intended
signal strength observed by the gUEs.
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Fig. 6: The closest LEO satellite of the k-th tier constellation.

Fig. 5 shows the impact of the fading channels and the
beamwidth on the coverage performance. In particular, Fig. 5
plots the coverage probability P. versus the decoding threshold
w (dB) for different transmit beamwidth, i.e. (t1,19,1%3) =
(0.82,0.6°,0.4°) and (v1,v9,13) = (8°,6°,4°). In addition,
the Rayleigh and non-fading cases are numerically evaluated
due to the space limitations. Note that for the Rayleigh fading
case, the channel power gain follows an exponential distribution
with unit mean, and for the non-fading case the channel power
gain equals to one. Firstly, we can observe that by decreasing
the beamwidth, the coverage probability is increased. This is
based on the fact that by narrowing the beam more signal
power can be focussed within the main-lobe area, i.e. the main-
lobe antenna gain is increased which enhances the received
signal strength and thus improves the coverage performance.
Moreover, it can be observed that the fading channel jeop-
ardizes the downlink performance, while the lowest coverage
probability is obtained under the Rayleigh fading channel and
the best performance is achieved for non-fading scenario. This
was expected since Rayleigh fading models the multi-path
propagation scenarios, e.g. gUE is located inside the buildings,
thus resulting in the worst received signal quality.

V. CONCLUSION

In this paper, we studied the downlink coverage performance
of the LEO satellites-based heterogeneous networks. By aiming
to capture the heterogeneity of the practical LEO satellites-
based networks, we considered a scenario where multi-tiers
LEO satellites were deployed on the multiple constellations
with different altitudes. In addition, by associating the gUE
with its closest serving LEO satellite, we derived the corre-
sponding association probability and the distribution of the
contact distance. The coverage probability was analytically
derived by leveraging tools from SG. Our results reveal that
increasing the transmit power of the LEO satellites improves the
coverage performance at the low SNR regime, while coverage
probability converges to a constant value at high SNR regime.
In addition, a narrower beam and a lower altitude of LEO
satellites achieved a higher coverage probability. Moreover, the
interference mitigation protocols were essential for the ultra-
dense LEO satellites-based networks, due to the significant
negative effect on the downlink networks. Finally, our estab-
lished analytical framework can be widely used for modelling
and analysing many other satellite-based networks, such as
the LEO satellite-based cooperative network, while other more
intelligent association schemes can also be explored for a
potential interesting future work.

APPENDIX A
PROOF OF LEMMA 1

The proof follows a similar approach as [4], [15]. We first
compute the CDF of r¢ ;, based on the null probability of PPP,
ie.

F(T7 )‘Im Hk)
:P{Toyk < ’I’} =1- P{Toﬁk > ’l”}
=1 — P{no satellite of the k-th tier closer than r}

=1 —exp (=A\R(r, Hy)) , (10

where R(r, Hy) represents the area of the spherical dome as
shown in Fig. 6, which is given by
(r* — Hf)(Re + Hy)

R(r,Hy) = Ro .

Finally, by taking the derivative of F'(r, Ay, Hj) with respect
to r, i.e. f(r, A\, Hy) = %F(r, Ak, Hi), the final expression
in Lemma 1 is derived.

APPENDIX B
PROOF OF LEMMA 2

The probability that the typical gUE is associated with k-th
tier LEO satellite, is formulated as

A =P< min rg; > n . 11
k {j,#k 0,4 o,k} (11

Note that for the considered LEO satellites networks, H; <
Rg), thus it is easily to show that H; < Hy < -+ < Ty <
Tmaxs < ** < Tmaxy. Hence, by applying the law of total
probability and by denoting 7,,x, as Hx1, we can rewrite
(11) as following

JJ#

K
Ay, :ZP { ,mif}c r0,; > To,k& Hi <rop < Hi+1} . (12)
i—k

Then, by noticing that the terms 79 < min 79 ;4; hold
1<<K—i

for Hl < 70,k < Hi+1’ we have

P { m;é]f}~C ro,; > rok& Hy <rop < Hi+1}
35

_]P’{ min ro; > 1o & H; < 1o < Hi+1}
1<j<i ' '
Tk
i A;(r2—H?
/Hm T}y exp (~ 247D

H; exp (—L’“(ﬁ;H%))

Hipr 1 Aj(r? — H?
=/ [ exp U] Agrdr.
H iy 2

Jj=

) f(?"7 )\k, Hk)dT

13)

Finally, by substituting (13) into (12), the final result in Lemma
2 is derived.
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PROOF OF PROPOSITION 1
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where Fj(-) is the CDF of the channel power gain, which is
given by (1). Finally, by applying the law of total probability,
the final results in Theorem 1 is derived.

K
=" [2mAkPi(2b + Q)((r,
6

)Gj (’/‘)(R@ —+ Hj)2 sin Gdg,

=

<.

where (a) is based on the fact that the channel power gain are

independent and identically distributed random variables with
mean 2b+ €, and (b) follows from the Campbell’s Theorem of
PPP with the spherical coordinates [4], [7]. Then, by reglacmg
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