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ABSTRACT With the deployment of satellite constellations, Internet-of-Things (IoT) devices in remote
areas have gained access to low-cost network connectivity. In this paper, we investigate the performance of
IoT devices connecting in up-link through low Earth orbit (LEO) satellites to geosynchronous equatorial
orbit (GEO) links. We model the dynamic LEO satellite constellation using the stochastic geometry method
and provide an analysis of end-to-end availability with low-complexity and coverage performance estimates
for the mentioned link. Based on the analytical expressions derived in this research, we make a sound
investigation on the impact of constellation configuration, transmission power, and the relative positions
of IoT devices and GEO satellites on end-to-end performance.

INDEX TERMS Satellite-based IoT network, coverage probability, availability probability, stochastic

geometry.

l. Introduction

Recently, non-terrestrial networks have garnered significant
attention due to their seamless global coverage [1], enabling
even remote Internet-of-Things (IoT) devices to connect to
the network [2], [3]. Remote areas usually lack sufficient
terrestrial communication infrastructure, such as fiber optic
networks or cellular towers. Therefore, IoT devices in many
cases can only access the network via satellite or other aerial
links [4]. However, the power sources for IoT devices are
typically limited, relying on batteries, solar energy, or wire-
less charging technology [5], [6]. This implies that the signal
transmission power of IoT devices is ultimately weaker [7].
Facing substantial path loss in long-distance communications
[8], for instance, in direct transmission with geosynchronous
equatorial orbit (GEO) satellites, [oT devices need to rely
on alternative means to maintain stable communication. The
research has demonstrated the feasibility of direct commu-
nication between IoT devices and low Earth orbit (LEO)
satellites [9]. Therefore, establishing an IoT device to GEO

satellite link with LEO satellites as relays is a reasonable
approach [10].

For the uplink IoT device-LEO satellite-GEO satellite
communication link, analyzing its end-to-end performance is
a critical and meaningful research topic [11]. Performance
analysis allows us to know the probability of connection
for a given transmission power from IoT devices. These
insights aid in better energy management and allocation
for IoT devices. However, due to the non-geostationary
nature of LEO satellites, accurately modeling and analyzing
the aforementioned end-to-end communication link becomes
challenging [12].

So far, the vast majority of literature achieves the dy-
namic variation of LEO satellite positions through numerical
simulations [13], [14]. However, modeling and simulating
massive LEO satellite constellations are computationally ex-
pensive. When system parameters, such as the transmission
power of IoT devices, are adjusted, simulations have to be
re-executed. Therefore, we aim to represent metrics such
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FIGURE 1: Diagram of satellite-based IoT networks.

as coverage probability as functions of system parameters
like transmission power through desired analytical meth-
ods, reducing computational complexity. In the literature
providing analytical results for air-to-ground communication
systems, very few studies have considered the randomness
of the positions of GEO and LEO satellites in the satellite-
relayed communication system [15]. Although the authors
in [15]-[17] considered the randomness in the distribution
of satellites or other aerial devices, they did not model
the satellite constellation exactly. As a result, they only
accounted for the dynamic variation of satellite positions
within a given orbit, lacking a comprehensive view of the
entire satellite system’s performance.

A. Related Works
Based on the above discussion, we introduce stochastic
geometry (SG) as a mathematical tool suitable for dynamic
network performance analysis. Under the SG framework,
LEO satellites are modeled as a stochastic point process and
the spherical binomial point process (BPP) is one of the
most common models among them [18]. The core idea of
the SG analytical framework is to achieve strong tractability
by assuming that satellites follow a specific distribution.
Since the BPP model does not account for the modeling
of orbits, it differs from actual satellite constellation mod-
els. Fortunately, both in terms of network topology and
performance estimation outcomes, the differences between
BPP and deterministic constellations are neglected [19], [20].
Therefore, although the spatial distribution of the satellite
constellation is regular but not completely random, we can
still model satellite constellations as a BPP, accepting a small
cost and reasonable modeling differences in exchange for the
strong tractability it provides.

There are several SG-based studies analyzing the per-
formance of satellite networks under the stochastic geom-
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FIGURE 2: Diagram of satellite-based IoT networks.

etry framework. The authors in [21] considered the uplink
performance analysis of IoT-over-satellite link. The above
satellite-based IoT network coverage analysis framework is
further expanded in [22], [23]. Specifically, Authors in [22]
adopted a more practical modeling method, and authors
in [23] proposed an adaptive coverage enhancement strat-
egy. However, research on satellite relay systems remains
limited. This is due to the complex distance distribution
in spherical multi-hop networks, posing significant chal-
lenges in providing low-complexity analytical results. To
our best knowledge, within the SG framework, only our
previous research [24] has analyzed the distance distribution
of satellite-relay systems. In this study, we considered a dual-
hop communication scenario where signals are transmitted
from a ground transmitter to a ground receiver via an LEO
satellite as the relay. We respectively derived the analyti-
cal expressions for the distance distribution of each hop.
However, our study did not involve performance analysis nor
encompass modeling of GEO satellites or channel modeling,
thus differing significantly from the scope of this article.

B. Contribution

As the first study to analyze the performance of IoT-GEO
satellite link’s performance under the SG framework, the
contributions of this article are as follows.

e We derive the distance distributions of the IoT-LEO
satellite link, as well as the LEO satellite-GEO satellite
link (LGL). Due to the non-independence of the dis-
tance distributions between the two links, the distance
distribution derivation in this paper differs significantly
from existing studies based on spherical SG.

e For the first time, we incorporate the inter-satellite
link channel model into the modeling of SG-based
satellite coverage issues. Taking pointing errors into
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account as small-scale fading, we analyze the coverage
performance of the LGL.

e Unlike most SG-based studies on satellite networks
focusing on point-to-point performance, we analyze the
end-to-end performance of the dual-hop link. Specif-
ically, we first derive the probability of having at
least one LEO satellite being within the common re-
liable communication range of the IoT device and the
GEO satellite, called the availability probability. We
derive the analytical expression for coverage probabil-
ity, which is the probability of end-to-end successful
communication given that the availability is ensured.

e Through numerical simulations, we validate the ac-
curacy performance of the aforementioned analytical
expressions and present the impact of constellation
configuration, transmission power, and the relative po-
sitioning of IoT devices and GEO satellites, on these
metrics.

Il. System Model

In this section, we establish the spatial model of the IoT
device, GEO satellite, and LEO satellite constellation. Then,
channel models of the IoT device-LEO satellite link (ILL)
and LGL are provided.

A. Spatial Model

We consider a system including an IoT device, a GEO Satel-
lite, and Ny go LEO satellites. LEO satellites are distributed
on a sphere around Earth with a radius Rigo = Rg + hrLro
form a spherical homogeneous BPP, where Rg, is the ra-
dius of the Earth and hygo denotes the altitude of LEO
satellites. According to Slivnyak’s theorem [25], the rotation
of the coordinate system does not affect the distribution of
homogeneous point processes. Without loss of generality,
we take the Earth’s center as the origin and establish a
spherical coordinate system. The coordinates of the IoT
device and the GEO satellites are denoted as z1,1(Rg, 0, 0)
and xaro (RGEO7 o, 0), where Rgro = Rg + hgro is the
radius of the sphere that the GEO satellite is located. Here
O represents the central angle between the IoT device and
the GEO satellite, and the definition of the central angle is
given as follows.

Definition 1 (Central Angle). The central angle between two
communication devices, A and B, refers to the angle created
by the lines extending from the Earth’s center to device A
and device B respectively [26].

B. Channel Model

In this article, we consider the uplink channel models to
follow the free space propagation model experienced with
large-scale fading and small-scale fading, and the received
power is given as [27]

T >\Q 2 max
PG = roGa <477lQ> @QWa, lg < 1™, (1
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where th, Gg, Ao, Co, and Wy denote the transmis-
sion power, antenna gain, wavelength, additional attenuation
during propagation, and the power of small-scale fading,
respectively; @ € {IL,LG}. Parameters with subscripts
IL and LG represent labels for the two links, ILLs and
LGLs respectively. We consider (g, is mainly caused by rain
attenuation [18] and the attenuation of satellite-GEO satellite
link is negligible ((r,c = 0 dB).

Considering the energy constraints of the IoT device, we
assume that the IoT device will select the LEO satellite
closest to it as the relay. Iy, and I denote the distance
between the IoT device and the selected relay LEO satellite,
and the distance between this LEO satellite and the GEO
satellite. Furthermore, I;7®* and & are the maximum
distances that can maintain stable communication for ILLs
and LGLs. To ensure these links are not blocked by the Earth,
e <\ [R2yo — B2 and 55 < 2/REgo — Ripo need
to be satisfied.

The small-scale fading of ILL is assumed to follow the
shadowed-Rician (SR) fading. Considering the shadowing
and multi-path effects, SR fading stands out as one of the
most precise models describing small-scale fading in space-
terrestrial communication links. The cumulative distribution
function (CDF) of the SR fading power Wiy, is given as
follows [28]:

2bym (m),

Fyy, (w) = <2b0m + Q) ;) 2Tz +1) @)

Q N w
x <2b0m—|—Q> l<z+ ’Qb())’

where (m), is the Pochhammer symbol, m, by and 2 are
parameters of the SR fading. T'(-) and T'(-,-) denote the
gamma function and lower incomplete gamma function,
respectively.

Furthermore, the shadowing and multi-path effects have
minimal impact in the space [29]. In this case, the pointing
error becomes the primary factor in small-scale fading due
to the rapid movement of LEO satellites. Therefore, we
consider Wr,¢ follows the pointing error model [30]. Given
that the deviation angle of the beam as 6,4, the conditional
probability density function (PDF) of Wi,g can be written
as

2
n2w" 1 cos (04)
n2
Ay*
where 75 and Ay are parameters of the pointing error, and

the deviation angle 6 is subject to Rayleigh distribution with
variance <2 [30],

Jwie 164 (W) = , 0<w< 4, (3

Oa 62
fo. (Qd):?exp _? , 63 >0. %)

lll. Performance Analysis
In this subsection, we give the definitions and analytical
expressions of two end-to-end performance metrics, namely
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satellite availability probability and coverage probability in
order.

A. Satellite Availability

In the system model, both ILL and LGL have been set
with upper bounds for reliable communication distances.
Therefore, the presence of a relay LEO satellite within the
common reliable communication range of [oT devices and
GEO satellites is a prerequisite for communication. If the
required above conditions are achieved, the LEO satellite is
considered available.

Definition 2 (Satellite Availability Probability). The satellite
availability probability is the probability that the selected
relay LEO satellite’s distance to the IoT device is less than
> and its distance to the GEO satellite is less than I[J\&~.

Because the closest LEO satellite is selected as a relay to
the IoT device and the availability of LGL depends on the
relay satellite’s position, we present the following lemma for
the PDF of the central angle in our IoT-LEO model regarding
the distance between the IoT and the relay satellite. As we
have employed a spherical coordinate system for modeling,
expressing distance in terms of central angles proves to be
more concise.

Lemma 1. The PDF of the central angle between the loT
device and the LEO satellite is

Npgosing 1+ cosf) Vo™t
f91L (9) = LEOQ ( 9 ) 5 (5)

where Nigo represents the number of LEO satellites, 6 <
0722, and O7}* can be expressed as,

RQ R2 — (max 2
6 — qrecos ( ieo T 15 — ()" ) ©)

2RLEQR@

Proof: See Appendix A ]

Based on the above central angle distribution, also known
as the contact angle distribution [31], the satellite availability
probability can be determined by the following theorem.

Theorem 1. The LEO satellite availability probability can
be given by the following expression

max
91L

PA = / fon (6) P (6)d6, ™)
0

where fg,, (8) and 07} are defined in (5) and (6), respec-
tively. P/, (0) is called the conditional availability prob-
ability of LGL, given that the contact angle is 0, and its
expression is given at (8) the top of next page.

Proof: See Appendix B. ]

As the theorem demands specific requirements for the
distances of both links, thus it can be considered an end-
to-end performance metric. Considering that the availability
probabilities of LGL and dual-hop have been analyzed, we

can derive the following corollary about the availability
probability of ILL based on the above theorem.

Corollary 1. The availability probability of ILL, which is
the probability that the distance between the LEO satellite
and the IoT device is less than 07}, is given by

1 4 cos gmax Mueo
Plﬁ =1- <2IL) ) ©

where O1}** is defined in (6).

B. Coverage Probability

In this subsection, we first provide the definition and mathe-
matical expression of coverage probability, followed by the
deductions for analytical expression.

Definition 3 (Coverage Probability). The coverage proba-
bility is the probability that the signal-to-noise ratio (SNR)
of ILL is greater than the coverage threshold ~11, and the
SNR of LGL greater than the coverage threshold ~i,G.

Mathematically, the coverage probability can be given by

' '
C IL PLc
P =P | 5>, 5 >NG|
OLEO 0GEO

(10)

where 07 and oo denote the noise power at the LEO
satellite and the GEO satellite. Coverage probability is one
of the most widely used performance metrics for evaluating
network performance. It represents the ability of a communi-
cation receiver to successfully demodulate the signal. Before
providing the analytical expression for coverage probability,
we need to derive the unconditional CDF of pointing errors
as a lemma.

Lemma 2. The unconditional CDF of pointing errors is
approximately given by

0, w <0,
w”g 2
Fivyo(w) = oz (1=¢%) 0<w< Ay, (11
0
1a w > AQ.
Proof: See Appendix C. ]

Based on the above lemma, the end-to-end coverage
probability can be deduced by the following theorem.

Theorem 2. The coverage probability is given in (12) at
the top of the next page. where O0{}?, Pf‘(;, Fyw,, and
Fw, . are defined in (6), (8), (2) and (11), respectively.
d (R1,01,¢1; Ra,02,p2) calculates the Euclidean distance
between position (Ry,01,¢1) and position (Rz,0s,¢2) in
the spherical coordinate system,

d(R1,61,¢1; R2,02,p2)

= \/R% + R% — 2R Ra(sin 01 sin 62 cos(p1 — p2) + cos 01 cos 02).
(13)

Proof: See Appendix D. ]
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Pig(0) = ,

0, \/R%EO + R% Lo — 2RLE0 RGEO(sin 0sin © + cos 6 cos ©) > 11a8x,
1 \/R%EO + R% o — 2RLEORGEO (cos 0 cos © — sin fsin ©) < &%, (8)

2 2 2
Ri{po+R&po— (&)

1 _ cosfcos©
7 arceos < 2R, 0 RGEO sin 6 sin © sin 0 sin © ) ’

otherwise.

omax P, (0) o2
pC = / / 1— Fyyy, | 22LEO.
0 0

P GILdiL

47 2
(T) (R¥go + R% — 2RLpoRe cos 0)))

1L
(12)

2 2 .
YLGO 4 sin 0 fy.. (0
X <1 — Fwig <thGEO ( ) d? (RGE07®7O§RLE0797‘P)>> Tmmds&dé’-
preGLcCLe 0

ALc

It can be shown that coverage probability is determined
by the SNR of two links, thus it is also an end-to-end
performance metric.

IV. Numerical Results

This section demonstrates the numerical results of availabil-
ity probability and coverage probability. The alignment of the
results obtained from Monte Carlo simulations (lines) with
the derived analytical results (marks) in the figures confirms
the accuracy of the analytical expressions presented in this
article. Unless otherwise specified, the parameters in this
section will be set to their default values given in Table 1.

il g pRusd
..... 2
g
0.9 - .
- /,A
Ol V2

0.8r /‘ /
> AT
= , S
o 0
g 0.7 o A'
€] ,‘ 4 V2
o6 P N - M g
2 & , 9 0994 &
% 05+ & ¢ ,”{’e ’_,—”
= o 0 -
= R /7 /097 A
= / 096"
<047 2 ol
) ¥ 120 140 160 180 200 220 240
= 0
= -
% 03r 7
n aeee hrpo = 300km(Simu.)

0.2 B higo = 300km(Analy.)

= hieo = 1000km(Simu.)
0.1 O hieo = 1000km(Analy.)

== higo = 1800km(Simu.)
A hipo = 1800km(Analy.)

o

50 90 130 170210
The number of LEO satellites

FIGURE 3: Satellite availability probability with different constellation

[N
o

configurations.

In Fig. 3, we analyze the impact of the number of LEO
satellites and constellation altitude on the availability. For
the same number of satellites, constellations at lower alti-
tudes have a larger availability probability. In the subgraph,
we show the number of satellites required to achieve an
availability probability of 1 at different altitudes. In Fig. 4,
the number of satellites is fixed at 100. When the central
angle between IoT devices and GEO satellites is less than 60
degrees, the influence of the central angle on the availability
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FIGURE 4: Satellite availability probability with different central angles.

can be neglected. At this point, availability probability is
mainly determined by the ILL. When the central angle is
larger than 60 degrees, the impact of central angles on satel-
lite availability probability is much larger compared to the
constellation altitude. The availability probability decreases
rapidly as the central angle further increases.

Fig. 5 shows the results of satellite coverage probability
with different constellation configurations. The lower altitude
of LEO satellites and the greater number of satellites result
in shorter distances for ILL, thereby improving coverage
performance. Under default parameters, compared to LGL,
the quality of ILL plays a more decisive role in coverage
probability.

Fig. 6 and Fig. 7 present end-to-end satellite coverage
probability with different transmission power of IoT devices
and LEO satellites. In general, constellations with lower alti-
tudes have better coverage performance. As shown in Fig. 7,
with the increase in LEO transmission power, the end-to-end
coverage probability first increases and then converges. The
final converged value depends on the coverage probability
of the ILL.
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TABLE 1: Simulation Parameters [18], [30].

Notation Meaning Default Value
NiEO Number of LEO satellites 1000
Rg, RLEO, RaEO Radius of the Earth, LEO satellites, and GEO satellites 6371,7371,35860 km
O’%EO,JéEO Noise power 5x 10710 mw
Q,bo, m Parameters of the SR fading 1.29,0.158,19.4
Ns, Ao Parameters of the pointing error 1.00526, 3.2120
S Variance of Rayleigh distribution 15 mrad
GiLs CLG Additional attenuation during propagation —2dB, 0 dB
Gst, Gss Antenna gain 41.7 dBi
AIL, ALG Wavelength 1550 nm
© Central angle between the IoT device and the GEO satellite w/4
l}rﬁax, l?GaX Maximum distance of communication 3000 km, 35000 km
pr, piG Transmission power 15 dBW, 50 dBW
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FIGURE 5: Satellite coverage probability with different constellation
configurations.

V. Additional Insights

In this section, we analyze the influence of transmission
policy/association strategy on coverage probability, compare
different network architectures, and describe the methods of
counteracting Doppler shift.

A. Transmission Policy
In this subsection, we discuss the impact of the following
three different transmission policies on coverage probability:

e Policy 1 (proposed): Select the nearest LEO satellite to
the IoT device for relaying.

e Policy 2: Select the nearest LEO satellite to the GEO
satellite for relaying.

Transmission power of loT device (dB)
FIGURE 6: Satellite coverage probability with different transmission
power of IoT device.

e Policy 3: Select the LEO satellite with the shortest
distance to the direct link between the IoT device and
the GEO satellite for relaying.

Fig. 8 compares the coverage probabilities of the three
policies when the central angle between the IoT device
and the GEO satellite is fixed at © = {5. Regardless of
the transmission power of the IoT device, our proposed
transmission policy (policy 1) consistently outperforms the
other two policies. In terms of coverage probability, the
performance of Policy 1 and Policy 3 is similar, with both
significantly outperforming Policy 2.

In Fig. 9, we fix the transmission power and vary the
central angle to observe the impact of different transmission
policies on coverage probability. The change in central angle
has no impact on the position of the relay LEO satellite
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selected by Policy 1, so the central angle has little impact
on the coverage probability for Policy 1. In contrast, the relay
positions selected by Policy 2 and Policy 3 are influenced
by the central angle, leading to a significant decline in
their coverage performance as the central angle increases.
Especially for Policy 2, when © > 20 degrees, the chosen
relay LEO satellite becomes unavailable to the IoT device,
resulting in a coverage probability of 0.

B. Network Architecture

Here, we compare the advantages and disadvantages of the
network architectures: (a1) IoT-LEO-GEO (proposed), (a2)
IoT-GEO direct link, and (a3) ToT-LEO direct link.
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Compare (a;) and (ag): Direct transmission from IoT
devices to GEO satellites can simplify network configuration
by eliminating the need for LGL synchronization. Intro-
ducing LEO satellites as relays requires additional capital
and operational expenditures. Moreover, the Doppler effect
is introduced with LEO satellites serving as relays, which
is discussed in detail in the next subsection, is required
to be overcome. However, the distance from IoT devices
to GEO satellites is several dozen times greater than to
LEO satellites, meaning that achieving the same coverage
probability or data rate would require an increase in trans-
mission power by several thousand times. Under the default
parameters, with an IoT device transmission power of 18 dB,
nearly 100% coverage probability can be achieved with
LEO satellites as relays, whereas without LEO satellites, the
coverage probability is approximately 0%. Therefore, direct
communication between IoT devices and GEO satellites re-
quires stable energy sources and powerful hardware support,
which is often challenging to achieve in remote areas where
IoT devices are energy-constrained.

Compare (a;) and (az): The path loss for a direct
link between IoT devices and LEO satellites is undoubtedly
smaller compared to communication with GEO satellites.
Single-hop communication between IoT devices and LEO
satellites improves both availability and coverage probability
compared to dual-hop communication. Although the IoT-
LEO direct link offers better communication performance,
it is typically not a complete communication. LEO satellites
have limited computational and storage capabilities, and
thus they are often not the final destination for the data.
Consequently, after receiving data, LEO satellites need to
relay it back to ground gateways or transmit it through other
satellites before it reaches the ground.
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C. Doppler Effect

The rapid relative motion between satellites necessitates
consideration of the Doppler shift’s impact. Satellite com-
munications typically operate at lower transmission rates,
which simplifies the process of bit synchronization [32].
Consequently, bit synchronization adjustments can be used
to mitigate the Doppler effect in satellite communications.
Additionally, because bandwidth constraints are less critical
in satellite systems, broadening the range of receiving fre-
quencies does not lead to significant co-frequency interfer-
ence. Therefore, spectrum spreading emerges as an effective
technique to counteract Doppler shift [33].

VL. Conclusion

In this paper, we provide analytical expressions for the end-
to-end availability and coverage performance of satellite-
based IoT networks. Based on these analytical expressions,
the main conclusions are as follows. Lowering the altitude
of the relay, and increasing the number of satellites and
transmission power can enhance network performance. The
central angle between IoT devices and GEO satellites has
little impact on network performance when it is small.
However, once the central angle exceeds a threshold, network
performance deteriorates rapidly with the central angle.

Appendix A

Proof of Lemma 1

Considering the rotational invariance of the BPP, the PDF of
the distance between the IoT device and the LEO satellite
should be independent of the azimuthal angle of the LEO
satellite, relying solely on the central angle. Denote S(6) as
the spherical cap with a central angle as 26, the CDF of the
central angle is given by

FQLEO (9) =P [OLEO < 9]
_1—PN(S(9)) = 0]
S (1 Ay

A(S() »
L (1 _ 2mREpo(1 — cos@))NLEO
AR 5o
4 (1 +cos0>NLE°
2 )

where N (S(¢)) counts the number of satellites in the
spherical cap S(v), and A (S(¢)) denotes the area of S(¢).
Then, the PDF of the central angle can be derived by

d
fHLEO (0) = @FOLEO (9)

_ Npgosinf (1 + (:ost9)NLEO1
N 2 2 '

15)

Finally, when the distance between the LEO relay satellite
and the IoT device is I{E5, the central angle between them
reaches its upper bound. Denote the upper bound as 6},

which can be expressed by the cosine rule,
max 2
Ripo + R% — (IT55)

cos O™ =

(16)

Appendix B
Proof of Theorem 1
Because the distance distribution of LGL is not independent
of the distance distribution of ILL, we denote the probability
that the distance from the LEO satellite to the GEO satellite
is less than I8 as P{(0), given that the central angle
between the IoT device and LEO satellite is 6. From the
definition, the satellite availability probability can be written
as,

i

P = ]EGIL [PI?G(GIL)] :/ f91L (G)PII?G(G)de (I7)
0

Therefore, the next step is to derive the analytical expres-
sion for Pf‘G(Q) to complete the proof. As the polar angle of
the LEO satellite has been fixed as 6, we need to know the
range of the azimuth angle ¢ of the LEO satellite when the
LGL is available. When ¢ = 0, the LEO satellite is closest
to the GEO satellite, and the distance between them is

diy = \/R%EO + R%;EO — 2R1LEoRGEO (sinfsin © + cos 6 cos O).
(18)
When d; > [1%8%, P/, = 0. When ¢ = m, the LEO satellite
is farthest to the GEO satellite, and the distance between
them is

do = \/R%EO + RéEO — 2R1EoRGEO(cos O cos© — sinfsin O).
(19)
When dy < IM8%, P/, = 1. Otherwise, when d; <
LES < da, the distance between the LEO satellite located at
(RLEO, 0, ¢) and the GEO satellite is

ds = (R%EO + R%po — 2Rueo Reeo
1 (20)
X (sin @ sin © cos ¢ + cos 0 cos O) )

When d3 =I5, ¢ reaches its critical values

Rigpo + Ripo — (ZE‘SX)Q _ cosflcos©

21
2RLEORGEO sin # sin © ( )

cos p = - b .
7 sin 6 sin ©

Since the value of ¢ follows a uniform distribution, therefore
Ripo + Ripo — (18)° _ cos 6 cos @)

2R1,E0 RGgEO sin @ sin © sin 0 sin ©
(22)

Finally, we present a corollary of the above result. When
P{4,(0) is replaced by 1, LGL is always available. At this
point, P4 degenerates into the availability probability of
ILL,

1
Pfj‘G(G) I <

max
91L

P = /O S (0)d0 = Fyyy (07

_ (1+cos9f’iax>NLEo
U 2 '

(23)
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Appendix C

Proof of Lemma 2

The unconditional PDF of the pointing error can be derived
based on the definition:

fWLG

/ fWLGled( )fed (ed)ded
2, n2—1 2
= %/ cos Hda—;l exp <9d2> déy
A 0 S 2g
1 [>~8 92
1—- = Zd
B /0 <2 exp 2 2) d9d> (25)

2 173—1
@ % <1 —/ 2% exp (—2) dz)
0

-1

where step (a ) follows the second-order Taylor expansion of
cosfy ~ 1 — —d, since 0, is generally a small value. Step
(b) is derived by the substitution of z = 62/2¢%, and step
(¢) is obtained by taking the expectation of the exponential
distribution.

Then, the unconditional CDF obtained by integrating the
unconditional PDF,

w 2U2»_1 772,

Nsz™ 2 ws 2
F; = - (1-— dz=— (1 - .
el = [ B (=) ae = (1-9)

(26)

Appendix D

Proof of Theorem 2

Due to the correlation between the distances of ILL and
LGL,

PC:IP{pIL >7IL;Q>'YLG:|
LEO GEOT (27)
#P[ P >’YIL:| x P [ pQLG >’YLG]~
LEO 0GEO

Considering that, given the position of relay LEO satellite
(RLEO, 011, ¢), the conditional coverage probabilities of the
two links are independent of each other. Therefore, we
calculate the end-to-end coverage probability by sequentially
obtaining the conditional coverage probabilities and then
taking the expectation over 6yr,. From the definition, the

VOLUME,

coverage probability can be expressed as,

PC =y, ., {IP [ PiL

T

o]

otro e
/ i /PLG )RLEO sin 0
= Jo
ad AnRipo
x P ZIL > MLy 5 — > LG 97 SD:| d@dg
LILEO o250
O Pl (6) sin 6
:/ / fou (0) ]P[ i > L 9}
0 0 dm otEo
x IP 'O2LG > LG | 6, 4 dpdd.
LOGEO
(28)
where 08% and 7P/, (0) are the upper bound of the LEO

satellite S polar angle and azimuth angle. These two upper
bounds ensure the availability of the LEO satellite.

Next, we explicitly represent the first conditional proba-
bility in (24) at the top of this page. As for the derivation
of the second conditional probability, given the position of
LEO satellite is (Rrro, 8, ), the distance between the LEO
satellite and GEO satellite is d(Rgro, ©, O'RLEO,9 ©).

is provided in (13). The remaining parts follow a similar
procedure and, therefore omitted here.
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