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Abstract—This paper explores a star-of-star topology for an
internet-of-things (IoT) network using mega low Earth orbit
constellations where the IoT users broadcast their sensed in-
formation to multiple satellites simultaneously over a shared
channel. The satellites use amplify-and-forward relaying to for-
ward the received signal to the ground station (GS), which then
combines them coherently using maximal ratio combining. A
comprehensive outage probability (OP) analysis is performed for
the presented topology. Stochastic geometry is used to model the
random locations of satellites, thus making the analysis general
and independent of any constellation. The satellites are assumed
to be visible if their elevation angle is greater than a threshold,
called a mask angle. Statistical characteristics of the range and
the number of visible satellites are derived for a given mask angle.
Successive interference cancellation (SIC) and capture model
(CM)-based decoding schemes are analyzed at the GS to mitigate
interference effects. The average OP for the CM-based scheme,
and the OP of the best user for the SIC scheme are derived
analytically. Simulation results are presented that corroborate the
derived analytical expressions. Moreover, insights on the effect
of various system parameters like mask angle, altitude, number
of satellites and decoding order are also presented. The results
demonstrate that the explored topology can achieve the desired
OP by leveraging the benefits of multiple satellites. Thus, this
topology is an attractive choice for satellite-based IoT networks as
it can facilitate burst transmissions without coordination among
the IoT users.

Index Terms—Amplify-and-forward, LEO satellites, outage
probability, satellite-based 10T, stochastic geometry

I. INTRODUCTION

The upcoming internet-of-things (IoT) networks are
expected to connect many devices and sensors with improved
battery life and ubiquitous coverage spanning large application
scenarios like smart cities, marine IoT, e-healthcare, and
connected vehicles. Although terrestrial wireless systems
have seen significant enhancements in capacity, coverage at
rural and remote locations is still a challenge as estimates
suggest that only 25% of the world’s landmass has terrestrial
connectivity [1]. The intrinsic broadcasting capability of
satellite systems makes them a viable solution for delivering
truly ubiquitous service to IoT networks often deployed
remotely over large areas [2]. A recent 3GPP Rel-17 study-
item has also specified the support required for satellite-based
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NB-IoT/eMTC networks [3]. Recently, many low Earth
orbit (LEO) satellite constellations, e.g., Starlink-SpaceX,
OneWeb, Kuiper, Telesat, etc., have been launched. They can
potentially serve the remotely deployed IoT networks with
multiple LEO satellites in the visible range for a large fraction
of the Earth’s surface [4]. Moreover, they have relatively low
propagation delay at lower powers when compared to the
legacy geostationary satellites.

Various architectural issues and enabling solutions related
to satellite-based IoT networks have been studied in [5] and
[6]. In [5], it is concluded that for satellite-based IoT, relevant
upgrades are expected at physical (PHY) and medium access
control (MAC) layers to include non-orthogonal and non-pure
ALOHA based approaches. According to [6], computationally
simple random access schemes and novel topologies need to
be explored for massive IoT connectivity.

This paper, therefore, explores a simple star-of-star topology
for LEO satellite-based IoT networks, which can facilitate
burst transmissions without requiring any synchronization and
routing. In the past, star topologies have been used in terrestrial
low power wide area network (LPWAN) technologies like
Sigfox and long range wide area network (LoRaWAN) but
have not been explored for satellite-based IoT networks as
done in this paper. The presented results focus on the PHY
layer aspects with a particular emphasis on topology and
performance analysis.

A. Related Work

In a star-of-star topology, the access between the node and
the relay can be direct or indirect, where the satellites can act
as a relay/repeater between the node and the server. However,
direct-to-satellite IoT (DtS-IoT) has recently gained traction
because of its ease of deployment [7]. In [8], it is shown
that LPWAN technologies can be configured for realising
DtS-IoT communication. Moreover, some manufacturers’ low-
cost, battery-powered development kits have also provided
the impetus to DtS-IoT using LEO satellites [9]-[11]. The
feasibility of DtS-IoT has been established by the link budget
analysis carried out on IoT users of various power classes by
different companies in a recent 3GPP study-item [3].

In DtS-1oT, the satellites can act as transparent (amplify-
and-forward (AF)) or regenerative (decode-and-forward (DF))
relays. The complexity of AF relaying with a fixed gain is
less than DF relaying [12], and has been preferred in [3].
The performance of topologies employing AF relaying has
been widely studied for various systems. For example, in [13],
the performance of a hybrid satellite-terrestrial cooperative
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network consisting of a single relay has been analyzed for
generalized fading. In [14], [15], [16], and [17], the perfor-
mance of an AF system with multiple relays and maximal ratio
combining (MRC) at the destination has been analysed for
Rayleigh, Nakagami-m, Rician, and shadowed-Rician faded
channels, respectively. Additionally, co-channel interference
has been included in the performance analysis of relay-based
topologies in [18], and [19] for Rayleigh and mixed-Rayleigh-
Rician fading channels, respectively. However, this interfer-
ence can be mitigated using various cancellation techniques.
In this context, several interference mitigation techniques for
both relay and non-relay systems have also been discussed
in the literature. A non-orthogonal multiple access (NOMA)
inspired system with a single AF relay and a decoding scheme
using the signal from two consecutive time slots is analysed
in [20]. Similarly a multi-source, multi-relay system with
opportunistic interference cancellation using adaptive AF/DF
is analysed in [21]. In both [20] and [21], performance is
analysed under the Rayleigh fading assumption. In [22], [23],
non-relay terrestrial IoT communication systems have been
studied. A LoRaWAN like system with and without fading
is considered in [22] and [23], respectively, to show that the
capture model (CM) and successive interference cancellation
(SIC)-based decoding schemes can perform better than the
traditional ALOHA schemes. In CM, the strongest received
signal can be decoded successfully despite interference if the
signal-to-interference-plus-noise ratio (SINR) is greater than
the threshold. Whereas in SIC, decoding is performed in the
order of SINRs while cancelling the interference at each step.

Recently many mega-LEO constellations have been
launched, and more are being proposed for deployment in
the near future. For these, performance analysis done using
satellite locations based on their orbit simulations can not
be generalized for any new constellation in future. Hence,
to generalize the analysis for any constellation, tools from
stochastic geometry have been used in recent literature where
satellites are assumed to be randomly located around the
Earth [24]-[26]. In [24], a theoretical analysis of downlink
coverage and rate in a LEO constellation is presented. The
satellites are modelled as a binomial point process (BPP) on
a sphere, and the users are located on the Earth’s surface.
Expressions for statistical characteristics of range and number
of visible satellites have been derived along with the notion of
an effective number of satellites to suppress the performance
mismatch between the practical and random constellations.
In [25], coverage and throughput performance for the uplink
of a satellite-based-IoT network has been presented using an
empirical channel model representing path-loss and large-scale
fading. In [26], a fine-grained analysis has been given for the
downlink of a LEO satellites-based mmWave relay network.
The satellites are assumed to be uniformly distributed on a
spherical cap around the Earth, and meta-distribution of the
SINR is used for performance evaluation.

B. Contributions of the paper

Keeping in mind the requirements of IoT, e.g., simple
random access, novel topology, and the results from exist-
ing literature, this paper explores a star-of-star topology for

Fig. 1. An example constellation of size K = 720 satellites where the
satellites are distributed on a spherical surface following a BPP. The Voronoi
diagrams represent the area to which the enclosed satellite is the nearest.

satellite-based IoT networks, which can leverage the benefits
of multiple satellites in the visible range. The IoT network is
envisioned as the subscriber of one of the many services of-
fered by mega-LEO constellations. The satellites are assumed
to be randomly distributed as a BPP on a sphere around the
Earth such that a user can see a satellite only if its elevation
angle is greater than the mask angle. Multiple satellites simul-
taneously listen to the broadcast information from multiple IoT
users and forward it to the ground station (GS) using fixed-gain
AF. It is assumed that IoT users wake up to offload the sensed
data to all the visible satellites without any prior coordination
and sleep again. This way, the processing is kept simple and
energy-efficient for the IoT users, and all the complexity is
moved to the satellites and the GS. Since many IoT users are
assumed to transmit simultaneously, this work considers CM
and SIC-based decoding at the GS.

n [14]-[17], performance analysis was done without con-
sidering any interference at the relays as opposed to this paper.
Similarly, in [18], [19], although co-channel interference was
considered, only a single relay was employed, different from
the multiple satellite relay architecture considered in this paper.
Neither [23] nor [22] considered a relay system with fading
in the propagation environment while analyzing decoding
schemes as done in this paper. Moreover, all the above
papers neither specifically consider satellites as relays in their
performance analysis, nor do they include any information
about the location of the sources and relays.

In [24]-[26], the coverage and rate analysis is limited
to only single link (either uplink or downlink) performance
using a single-serving satellite. Also, no mask elevation angle
has been considered to define the visibility of a satellite.
In our previous preliminary work [27], a similar topology
as this paper was employed, but the analysis was limited
to scenarios with single-user and no interference. Compared
to [27], the analysis in this work is extended to scenarios
with multiple interfering users. Also, in [27], all the visible
satellites were considered at fixed locations. However, in this
work, the performance of the employed topology is analyzed
with different decoding schemes using stochastic geometry to
generalize the analysis for any LEO satellite constellation.

The specific contributions of this paper are as follows:
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Fig. 2. A geometric representation of the elevation angle 6. and slant
range R between a particular satellite and the IoT user being decoded at
GS (maximum slant range rmax is obtained when 6. = 6p).

Satellites

PHY combining

_____ > Uplink at Gateway

—>  Downlink

Fig. 3. Schematic diagram of the proposed topology with U IoT users
broadcasting their sensed information to S visible satellites simultaneously
(different colours are used to indicate transmissions from each user). All
the satellites forward the signals to the GS using fixed-gain AF relaying.

TABLE I
SUMMARY OF SYMBOLS AND NOTATIONS

Symbol Description Symbol Description
U Number of IoT users S Number of satellites used for AF
K Number of satellites in constellation K Number of visible satellites
Te Radius of Earth (6371 km) d Altitude of satellite
Rys Distance between the u™ user and s satellite R, Distance between any satellite and GS
0 Elevation angle 0o Minimum elevation angle or mask angle
P, Transmit power of the u™ user P Transmit power of the s satellite
o2 AWGN power at satellite for u™ user o2 AWGN power at GS for s satellite
R Target rate B Available bandwidth
s Channel coefficient of (u — s) user-satellite pair Js Channel coefficient of s satellite
m, b, Parameters of Shadowed Rician channel Yth SINR threshold
« Path loss exponent Pout Outage probability

1) A star-of-star topology is employed for satellite-based
IoT networks, which can leverage the benefits of multiple
satellites in the visible range.

2) The statistical characteristics of the range and the number
of visible satellites for a given mask angle are derived in
closed form, which is lacking in the existing literature.
These characteristics arise from stochastic modelling and
are crucial to finding the outage probability (OP).

3) The exact expression for the average OP of a user at
the GS is derived for CM and the OP for the best user
is derived for SIC. The derived theoretical results are
validated with Monte-Carlo simulations.

4) The effect of various key design parameters like the
number of satellites, altitude, elevation angle and user
ordering in SIC on the OP are analyzed.

The rest of the paper is organised as follows: Section II
presents the detailed system model, and Section III discusses
the statistical characteristics of the range and number of
visible satellites. The OP derivations for both CM and SIC
decoding schemes are derived in Section IV. The results and
the associated discussions are presented in Section V, followed
by the conclusion in Section VI

II. SYSTEM DESCRIPTION

As shown in Fig. 1, a total of K satellites are assumed to
be distributed uniformly around the Earth at an altitude d km

such that they form a BPP on a sphere of radius r. + d, where
re is the radius of the Earth. The users are assumed to be
located on the Earth’s surface. A satellite is considered visible
and can receive a signal from a user only if its elevation angle
0. w.r.t user’s location is greater than a minimum elevation or
mask angle 6y—any satellite for which 6. < 6 is considered
invisible to the user. As shown in Fig. 2, the distance between
a user and a satellite will be minimum when the satellite is
at maximum elevation 6, = 90° w.r.t the user. This minimum
distance rp;, equals the altitude d at which all the satellites in
the constellation are deployed. Similarly, the distance between
a user and a satellite is maximum when the satellite is at
an elevation angle 6, = 6y w.r.t to the user. The maximum
distance for a fixed 6, can be derived as shown in Appendix
A. All the notations followed in this paper are defined in Table.
L

As shown in Fig. 3, a direct access topology based on
a mega-LEO constellation is explored, where U IoT users
communicate their sensed information to a GS via S satellites
among all the K ;s visible-satellites. The IoT users are assumed
to broadcast their information simultaneously using shared
resources at the start of every slot as per the slotted-ALOHA
scheme similar to the case shown in [28]. Keeping in mind the
low complexity of IoT users and design for a common appli-
cation, it is assumed that all the users transmit at equal power.



The visible satellites amplify and re-transmit the received
information to the GS. The GS decodes the information of all
the users after coherently combining the signals received from
all satellites. Thus, end-to-end communication takes place in
two phases. In the first phase, all the IoT users who have
sensed information broadcast their signal to all the satellites
in the visible range. The signal received at the s satellite can
be written as

U
= Z \% Pu r??sahusxu + N, (1)
u=1

where P, is the transmit power of the u™ IoT user, 7, is
the distance between the u™ user and the s® satellite, « is
the path loss exponent, xz, is the unit energy information
signal, ng is the additive white Gaussian noise (AWGN)
with zero mean and variance o2 at the satellite receiver and
hys is the shadowed-Rician (SR) channel coefficient. The
SR model best characterizes the channels which experience
line-of-sight (LoS) shadowing and small-scale fading [29]. It
is a generalized form of a Rician fading model where the
LoS component is assumed to undergo Nakagami-m fading.
The SR model is known to fit best the experimental data in
the case of characterizing satellite models [29]. For any SR
random variable h;, the probability density function (PDF) and
cumulative distribution function (CDF) of H; = n;
given, respectively in [30] by

ﬁl 1,
) = Z CKH (), @
— 6 —(k+1-p)
Fr,(x) =1~ iz n+1 ( : )
k=0 'l7 i
Bi=3;
« are~ (5% )””, A3)

Q/(2b;)(2bim; + ) and C(k) = (~1)%(1 — m;) 07/ (k)2
with (), being the Pochhammer symbol [31]. Here 20b;
denotes the average power of the multipath component, and €2,
is the average power of the LoS component. The LEO satellites
also observe Doppler shifts, but it has not been considered here
to keep the analysis simple. It is assumed that the Doppler can
be compensated using known techniques [32].

In the second phase, the satellites employ AF to send
the received signals to the GS using dedicated orthogonal
resources without interference. This assumption considers the
downlink between the satellites and GS is resource sufficient.
Moreover, it keeps the analysis simple and focused on the
effect of uplink, which is limited by the transmit power of the
IoT users. Similar to the store-and-forward scheme adopted in
[9], it is considered that satellites offload their information
when they are nearest to the GS within a time range, i.e.
Tq = Tmin. The S satellites among the K, visible satellites
which offload their information to the GS in the defined time
range are considered for MRC. The received signal from the

 satellite at the GS can be written as

N (zmhmxum)m, @

where g, is the SR channel coefficient between the s satellite
and GS, G is the AF gain factor and wy is the additive white
Gaussian noise with zero mean and variance o2, at the GS
receiver. Ideally, the effect of the channel between the user
and the satellite is equalized by the AF gain factor [12]. In
this paper, the received signal is scaled at the satellite by a
fixed-gain factor G, which is inversely proportional to the total
received power and is defined as

G- |- b . )

Z P, E [r;so‘ ‘husm + Ur%
u=1

The instantaneous end-to-end SINR of the information
signal from the s satellite for the u™ user at the GS can
be written as

Vs = Tl‘;l(]')lé ;saG HUS ,
-« d - S
mmG Z;’/‘Z-S His—Fl + g20_%
- s’ G Hus 7 (©)
U
Gs Z ri“His+1] +C
iz

where H,s = 1, |hys|® is the instantaneous signal-to-noise
ratio (SNR) of a user-satellite link with 7, = f ¢ and
G =15 |gs|? is the instantaneous SNR of a satellite- GS link
with ns = 52 and C' = ,QLZQQ Using (5), we can further

simplify C' as

P 2 2
C:r;ﬁozgf i %;PE el
-4 <1+Z]E 1 Hos ) )

Similar to [33], it is assumed that perfect channel state
information (CSI) is available at the GS. It also keeps the
analysis focused on the topology. Since the GS combines the
signals from all the visible satellites using MRC, the end-to-
end SINR of the combined signal for the u™ user at the GS

is given by
s
= Yus- ®)
s=1

In this paper, two decoding schemes are compared to analyse
the performance of the proposed topology:

o Capture model (CM): The GS is assumed to perfectly
decode the information of the desired user out of many
interfering signals if its SINR is higher than a threshold.
This type of decoding is similar to the capture effect used
in LoRa [34].

o Successive interference cancellation (SIC): The GS de-
codes the information of the intended user by successively
removing the information of other users in the order of
their SINRs [35]. The user with the highest SINR is
decoded first, and its reconstructed signal is subtracted
from the received superimposed signal to decode the re-
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Fig. 4. (a) CDF Fg(r) of the distance between a user and a visible satellite in the constellation at 1200 km altitude. (b) CDF F, (s) of the number of
satellites visible to any user in a constellation of 720 satellites at 1200 km altitude.

maining users. The user with SINR less than the threshold
and subsequent users in the order are considered non-
decodable and contribute to the outage. As shown in [33],
perfect decoding with SIC is considered if the SINR is
greater than the threshold to keep the analysis simple.

III. SLANT DISTANCE AND THE NUMBER OF VISIBLE
SATELLITES

Since the satellites are considered to be distributed on a
spherical surface following a BPP, the distance between a
user and a satellite is random. Moreover, the total number of
visible satellites is also random and depends upon 6y and the
total number of satellites in the constellation K. Statistical
characteristics of the slant distance and number of visible
satellites are derived in this section.

A. Statistical characteristics of the distance between the user
and the satellite

The CDF of the distance R between a user and visible
satellites in the constellation is given by

07 7 < Tmin
2 2
T = Thin
— 55— Tmn T <7 0
FR(T) — rmax<90)2 _ rglina min > = max( O) (9)
0 <6y <90°
1, T > Tmax

and the corresponding PDF is given by
2r
2

L T,
Tmax(90)2 ~ Thin Tin =T TmaX( O)

fr(r) = 0 <60 <90° (10)
0, otherwise
where 7, = d is the orbital altitude and 7. (60) =

\/(re sinp)? + (re + Tmin)? — 72 — re sin @y is the maximum
distance observed at mask elevation angle 6y. The proofs for

(9) and (10) are provided in Appendix A. The effect of 6
on the range can be inferred from Fig. 4a. It can be observed
that the derived expressions match the simulation results. The
slant range for which the CDF reaches 1 corresponds to
the maximum possible range for a user. As the mask angle
increases, the maximum possible range decreases. However, it
can be observed that the maximum range decreases rapidly
with an increase in the mask angle from 0° to 10° when
compared to 10° to 20°. It can be attributed to the fact that,
Tmax changes non-linearly with change in 6 as shown in (44).

Remark: For the special case of 6y = 0°, rpn.«(0°) =

72 4 2reTmin. Hence for rpm < 7 < 7pg(0°), (9) and

(10) can be simplified as

22
F = —m 11
flo (T) 27T¢ Tmin an
r
= 12
fRO (T) Te Tmin (12)

where R denotes the random variable for R at §; = 0°. The
expressions in (11) and (12) match with the expressions given
for the characteristics of the distance in [26], where they are
derived for 6, = 0° only. The simplified expressions shown
above are used for scenarios where high-rise structures like
mountains and buildings do not mask satellite visibility.

B. Statistical characteristics of the number of visible satellites

A satellite is visible to a user only if its elevation angle
exceeds the minimum required elevation 6, also called the
mask angle. For a given mask elevation angle 6, the number
of visible satellites K,;; to any user is a binomial random
variable with success probability

Tmax (00)° = T'in
4 Te (Te + Tmin)

where rmax(60) is the distance observed at 6. The proof for
(13) is provided in Appendix B. The effect of mask angle on
the number of visible satellites can be inferred from Fig. 4b. It
can be observed that the derived expressions match the simu-
lation results. The number of visible satellites for which CDF

P= 7 (13)
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equals 1 denotes the maximum possible number of satellites
which can be visible to a user. As the mask angle increases,
the surface area of the cap region shown in Fig. 2 decreases,
and so does the maximum number of visible satellites. It can
be observed that the maximum possible number of visible
satellites decreases rapidly from 0° to 10° when compared
to 10° to 20°. It can be understood using (44) and (50), since
A,;s decreases non-linearly with an increase in ..

Remark: With Pj denoting the success probability for the
special case of 6y = 0°, (13) can be simplified as
T'min

PO - 2 (re + Tmin) .

(14)

IV. OUTAGE PROBABILITY ANALYSIS

The outage probability of a particular user is defined as

B
Pw(R) £ P 5 log,(1 + SINR) < R

= P[SINR < 7], (15)

where R is the target rate, B is the bandwidth, ~y, = 22R/5 -1
is the threshold and SINR needs to be calculated for CM and
SIC schemes separately.

A. OP for CM based decoding

In CM based decoding, a user is decoded in the presence
of interference from all other users. Hence the OP of a user
at the GS can be written as

Pout(R) =P [’Vu < PYth] X P[Kvis > S}
S-1 /5 _ 4
=F,, () [1-) (j) PI(1—P)K-I|, (16)
j=0

where v,, = Zle ~Yus- The following three-step approach has
been followed to find the exact expression for (16).

1) Finding the CDF of ~,, conditioned on r,, for a single
satellite scenario.

2) Finding the moment generating function (MGF) of 7,
and v, for extending the analysis to the multi-satellite
scenario.

3) Finding the CDF of +,, and consequently the OP in multi-
satellite scenario.

Step 1: Using the theorem of transformation of random
variables, the CDF of ,,s conditioned on the distance between
the user and the satellite can be found as

F'Yus |7'us (l’)
= Plyus < @[ 7us]
T, Gs Hys
GS ({Zif 1,i#u ;QH }
qusa Gs Hus
P = <z
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=
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where in (i), interference from a user is approximated as
I = E[r;,* H;5] for mathematical tractability and in (i),
a = ((U — 1)I + 1) for convenience. An expression for the
term E[r; “ H;] is derived in Appendix C. Using (2), (3),
with the knowledge of binomial expansion and interchanging
the order of summation and 1ntegrat10n (17) can be simplified
as (18), where A; = “jh Sus for uplink and A, = ;‘5"’
for downlink. The integral expression in (18) can be solved
using [31, Eq. 3.471.9] to get the closed-form expression for
F,..|r..(x) as shown in (19), where K,(-) is the v™ order
modified Bessel function of second kind.

Step 2: For any random variable X, with MGF Mx (t) and
L{-} denoting the Laplace transform operator, we can write

L{fx(x)} = Mx (1),
Mx (-t

£iFx () = XD
where (20) follows from the integral property of Laplace
transform. Therefore, flipped MGF, Mx (—t) is required to
obtain CDF by applying the inverse Laplace transform on (20).
The flipped MGF (referred simply as MGF hereafter) of -,
conditioned on 7,4 can be derived using the definition of the
Laplace transform as

(20)

Mo = 1=t [ e (1= Fy @) do @)
=0
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Using (19) and [31, Eq. 6.643.3], the integral in (21) and
can be solved to arrive at the closed-form expression for ) 9-Q D)2 Q
M, |r,.(—t) as shown in (22), where (D,Q,N) = ¢ + e Z(_l)N+1+q Q
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=
and T'(-), W, ,(-) are the Gamma and Whittaker functions,
respectively.
The MGF of 7,5 can be calculated by averaging over 7,
using (10) and (22) as

T'max

M'Yus (_t) = / M’yus | Pus (_t) fR(rus) drys
9 max
=5 Tus M’Yus | Pas (—t) drys. (23)

2
T'max Tmin
T'min

The integral in (23) can be efficiently evaluated using numer-
ical techniques as discussed in Appendix D.

The MRC is implemented at the GS on the signal with
end-to-end SINR as defined in (8). Since all the S satellite-
GS links are independent, the MGF of the end-to-end SINR
can be written as

s
M’Yu <_t) = H M’Yus (_t) (24)
s=1
Step 3: Using (20), the CDF of ~,, as be obtained as
M, (-t
Fy (x) =L {”t()} (). (25)

The inverse Laplace transform in (25) can be efficiently
calculated using the numerical technique presented in [36] as

P =225 (9)

q=0 q

(26)

where

2z

The values of D, Q and N are selected to keep the
discretization and truncation errors negligible. Thus, using
(13) and (26) in (16), completes the derivation of OP for
CM-based decoding.

B. OP for SIC based decoding

SIC is an ordering-based scheme where the GS decodes the
information of users in the order of their end-to-end SINRs.
For the ease of understanding, [ € [1, U] is used to denote the
order/iteration of SIC decoding and DJ[!] is used to denote
the set of indexes for all decoded users till the ™ iteration.
Additionally, D{/} is used to denote the index of the user

decoded at the ™ iteration. Therefore end-to-end SINR of the
th

signal from u' user received via s™ satellites in the I iteration
of SIC decoding can be written as
st G€ HU‘?
A0 = Tus 75 s Yu¢D[l-1]. (27

Gs (U-DI+1)+C

Also, the end-to-end SINR of the MRC combined signal of
the u™ user can be written as

7 E:%?

s=1

At every iteration, the user with the highest SINR is decoded
such that

VugD[l—1]. (28)

max 'yi(f) =1
(1) (1) =
D T LR ,WD{Z;H >, [>1 (29
0 , otherwise,

where the set of indexes for all the decoded users is updated
after every iteration as

D[l—1]=
0 g=1
D1 —2]U{ argmax 4{™V} 4500 > w0 > 1
w,ugD[l—2]
) gy < vl > 1.
(30)



T'max Mo —1 k T'max
z 2« <
Fg (2)= [ Fu,, ( - ) fr(Tus)drys =1 — —5— =0 (2 )P exp[—AzrS,] Fus drus
Hus ., Tus' rr2nax - Tmm =0 ; 7752_1 s
(34)
mys—1 k
N _ Viprma) =YV p i)
-1 aus —(k+1—p) (’7( > M ' max min P (35)
74r2nax Tmm kzo ;DX;) p: 775::1 apV
mys—1 k a C p—V
us k! —(k—p+V+1
Mg, (1) D DID D s LR N (R
max mm k=0 p=0 p:n Gs
7 c
X / et PV {'y (V, Arda (a + ) a:) (V Arsi, < + C) x)} dz 37)
s 9s
mys—1 k -V
L A (k—p+V+1) <a4(7>p L(p+1)
T‘I%‘lax Tmm k=0 p=0 s 14
[v1(9s)] ( v1(9gs) ) [v2(gs)]" ( v2(9gs) )
X ——"—— oK | Lp+ 1,V +1; — Fillp+1L,V+1;, ———— (38)
hm@g+ﬂ”121 vilgs) ) [oalge) + 2777 a(gs) +1
Therefore the OP of [ user in case of SIC can be written as  as:
O] _ G H
Pout (R) - F (1)|G — ]P ue G us S T Gs
) Yus |G G, (U-1)I+1)+C
Plmax ! < yo] P[Kus > 5] d=1 o
v =P {r;s‘* Hys <ax+ Gs]
l -1 -1 s
{P['Y](D){l} < Y | 71(3{121} > Y] (1 — Po(ut )(R)) Cx
-1 - -
+ Pl )(R)} P[Kyis > S| 1>1 Fa..c. (‘” o ) ) (33)
(3D

or simply as

PLl(R) = F. o ()

(32)

The exact expression of (32) for [ = 1 can be obtained.
However, for [ > 1 it is not mathematically tractable since the
distribution of (), conditioned on 4"\, > i is difficult
to obtain. Therefore, the exact expression for OP in case of
SIC is obtained for the best user (I = 1) only, which is a lower
bound on the average OP of the system and simulation results
are presented for [ > 1. For the case of [ = 1, distribution
for maximum of dependent random variables 7751) is required.
Hence the derivation is done using the following steps:

1) Finding the CDF of 7!
satellite scenario.

2) Finding the MGF of ’y(l) and fy( ) conditioned on G, for
extending the analysis to multi-satellite scenario.

3) Finding the CDF and consequently the OP for max yu

conditioned on G for single

(1)

averaged over all Gj.

Step 1: Using the theorem of transformation of random
variables, the CDF of %(Lls) conditioned on G4 can be written

where @ = (U — 1) + 1) and H,, = r;® Hy,,. The
CDF Fj (z) can be written as (34) where the integral can
be solved using [31, Eq. 3.381.8] to obtain (35). In (35),

A==V = %ﬂ, p = Az and ~(-,-) is the lower

incomplete Gamma function.

Step 2: Similar to the approach followed in the derivation
of CM decoding, the MGF of %(Lls) conditioned on G4 can be
written as

(36)

Rearranging the terms, (36) can be written as (37). The integral
in (37) can be solved using [31, Eq. 6.455.2] to obtain (38),

where
C
Ul(gs) :Arr?lax (a‘ + g) )

v()Amm@+f)

and oF(-) is the Gauss hypergeometric function. Since all
the S satellites-GS links are independent, the MGF of ’yﬁl)
conditioned on GG can therefore be written as

HM&)IG —t)

(39)

(40)

M 5. ( (4D
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Fig. 5. Validation of theoretical and simulation results: OP vs transmit power
P, in both SIC and CM for U = 5 and different number of satellites S.

Step 3: Using (20) and averaging over all the G, the CDF
of max %(Ll) can be derived as
(—t) v
(z)

o[ [l

x {Hst(gs)} dgy ---dgs.

The integral in (42) can be efficiently evaluated using numer-
ical techniques similar to the ones discussed in Appendix D.
Thus, using (13) and (42) in (32) with [ = 1 completes the
derivation of the OP in SIC decoding for best user.

(42)

V. RESULTS

This section presents simulation and theoretical results
derived in this work to get useful insights into the system.
Initially, the theoretical analysis is validated with the simu-
lation results. Later the effect of various system parameters
on OP performance is analyzed. Since many parameters affect
the performance, an attempt is made to understand them one
by one by keeping all other parameters constant. All the
simulations and plots have been realised using MATLAB. The
parameters (m,b,{2) of SR fading under heavy and average
shadowing conditions are considered to be (2,0.063,0.0005)
and (5, 0.251, 0.279), respectively [37]. The default parameters
for simulations, unless stated otherwise are: constellation size
= 720, constellation altitude A = 1200 km, radius of the Earth
re = 6371 km, mask elevation angle 6§, = 10°, transmit power
of the satellite P; = 10 W, noise power at the GS oﬁ} =—-98
dBm, target rate = 10 kbps, bandwidth = 125 kHz, path loss
exponent o = 2 and number of channel realizations = 10°.
Also while computing the numerical Laplace inverse as in
(26), D =101n(10), N = 21 and @ = 15 is used to maintain
the discretization and truncation error less than 1071 which
is negligible compared to the range of derived OP.

A. Validation of theoretical and simulation results

Fig. 5 shows the average OP vs transmit power P, for
U = 5 users in the case of S = 3 and S = 5 satellites.

—©—S8IC: U=5
—&—SIC: U=10
—A—SIC: U=15
--©--CM: U=5
--8-CM: U=10
-A-CM: U=15 |

Outage Probability

6 7 8
Number of Satellites S

Fig. 6. Effect of number of satellites S: Averaged OP vs S in both SIC
and CM at P, = 4 dB and different number of users U.

The OP for every user in the order of their SINRs has been
calculated and then averaged to obtain the average OP of the
system. It is observed that the average OP derived theoretically
using the approximation is very close to the simulation results
for both CM and SIC based decoding. This validates the
correctness of the derivation presented in Section IV-A and
Section IV-B. Only simulation results are presented in further
results to maintain the brevity of the paper.

Two more observations can be made from Fig. 5. First, the
OP per user decreases with an increase in transmit power of
the IoT users. An IoT user’s feasible transmit power range
from 4 dB to 20 dB can achieve OP ranging from 10!
to 1073 in SIC. Second, as the transmit power increases,
the interference effect starts dominating, thus leading to the
performance difference between SIC and the CM decoding.
However, with an increase in the number of satellites, the OP
decreases sharply. Hence leveraging the benefits of multiple
visible satellites from an LEO constellation, transmit power
of 14-16 dB can achieve an OP of 1072 in a 5 satellite, 5 user
system.

B. Effect of the number of satellites S

Fig. 6 shows the OP as a function of number of satellites
S for U = 5,10 and 15 users at P, = 4 dBm. It is observed
that for a fixed number of users, as the number of satellites
increases, the OP decreases sharply. It can be observed that
merely an addition of 3 satellites can reduce the OP from
107! to 1072 in both CM and SIC decoding. This also clearly
demonstrates how the IoT users can leverage multiple visible
satellites of the constellation to enhance system performance.
Additionally, it is interesting to note that the OP for 15 users
case in SIC is less than the OP for 5 users case in CM.

C. Effect of the number of users U

Fig. 7 shows the impact on the OP as a function of number
of users U at P, = 4 dBm for S = 2,3 and 4. It can be
observed that the OP increases with an increase in the number
of users due to the increase in interference. It can also be
observed that the performance gap between the SIC and CM
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also increases with an increase in U. This can be attributed to
the fact that the impact of interference decreases with decoding
of subsequent users in SIC whereas CM assumes a constant
number of interferers for all the users. It is interesting to note
that the difference between the performance of SIC and CM
becomes significant as more and more satellites are added to
the system.

D. Effect of altitude d

Fig. 8 shows the impact of altitude on the OP for S =
5,10 and 15 satellites and U = 15 users at P, = 4 dBm.
It can be observed that OP increases as the altitude increases.
This is because the constellation’s altitude directly impacts the
path loss observed by the signals. It can also be observed that
while more satellites enhance the OP performance because
of better elevation angles, the benefit of adding more satellites
diminishes rapidly with increasing altitude. Hence, the number
of satellites and the selection of decoding scheme can be
traded-off with the altitude and number of users.

Usually, the LEO satellites are considered to be placed
between 600 km to 1800 km. Hence for a desired OP at

Outage Probability

Altitude d (km)

Fig. 8. Effect of altitude d: Average OP vs d for both SIC and CM at
P, =4 dB, U = 15 and different values of satellites S.
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Fig. 10. Effect of decoding order I: OP vs transmit power P, for ordered
decoding in both SIC and CM for U =5 and S = 2

a fixed transmit power, Fig. 8 can be used to determine
the minimum number of satellites required in look angle for
various constellations at different altitudes. For example, using
SIC, in a network of 15 active users, a minimum of 15
satellites at 1150 km are required to achieve an OP of 1073,
A similar performance can be achieved with 10 satellites only
if placed at an altitude of 800 km.

E. Effect of mask elevation angle 6

Fig. 9 shows the effect of 6, on OP for S = 3 satellites and
U = 5,10 and 15 users at P, = 4 dBm. The OP decreases
with an increase in 6y; however, the rate of decrease changes
at around 6, = 40° for the shown case of S = 3. It can
be explained by the two-fold impact of 6y on the OP. As
evident from (44) and (50), A.;s decreases with an increase
in 0y. Hence the probability of seeing a defined number of
satellites decreases with an increase in 6, for every user. It,
therefore, tends to increase the OP. On the other hand, as
evident from (57), an increase in 6, decreases the distance
and, consequently, the average path loss between the users
and the satellites. It, therefore, tends to reduce the OP. The



impact of reducing path loss dominates nearly till 8 = 40°.
However, after that, the reduced probability of seeing a defined
number of satellites rapidly decreases the OP.

F. Effect of decoding order | and trade-offs

Fig. 10 shows the OP for various users in ordered decoding,
where user 1 means the first user being decoded in SIC.
Similarly, in a 5-user scenario, user 5 means the last user
decoded in SIC. The OP for corresponding CM has also been
shown in Fig. 10 where the user order is solely determined
by the SINRs without removing interference for any user. It
can be observed that the initial few users in the order have
similar OP for both SIC and CM. It can be attributed to the
fact that the interference in both SIC and CM remains nearly
similar for the initial few users. However, for higher order
decoding in SIC, the interference decreases significantly due
to the subtraction of information signals of the decoded user.
This is not the case in CM; decoding of higher order users
happens in heavy interference from users with better channel
conditions. Hence the difference between the OP performance
of SIC and CM increases significantly for higher-order users.
It can be concluded that trading off with the throughput and
desired OP, the initial few users can be decoded using CM
only, thus reducing the decoding complexity. However, for
applications requiring decoding of all or most users, SIC is
preferable to CM.

VI. CONCLUSION

This paper presented a simple and energy-efficient direct-
access topology for LEO satellites based IoT networks. The
OP performance of the topology was analysed using stochastic
geometry to model the random satellite locations. In this con-
text, analytical expressions were derived for average OP in the
CM decoding scheme, and the OP of the best user was derived
for the SIC decoding scheme. Although all the IoT users
transmit at the same power, it was found that the SIC decoding
scheme performs better than the CM decoding scheme. The
theoretical analysis was verified through rigorous simulations.
The effects of system parameters like the number of users,
number of satellites, altitude, and mask elevation angle of the
constellation on the OP performance were discussed in detail.
The results of this paper demonstrate that for the practical
values of the above system parameters, the topology is feasible
and attractive for low-powered IoT networks.

APPENDIX A
PROOF FOR CDF AND PDF OF R

The distribution of R can be found in three steps:

1) Finding i, "max and the relationship between R and
the the surface area of the spherical cap, A.,, formed by
the satellites at the distance less than or equal to R

2) Finding the distribution of A,

3) Finding the distribution of R from the distribution of A,

Step 1: From basic geometry as as shown in Fig. 2, ry, = d
is the orbital altitude, observed at 8, = 90°. Also, Tmax(0o)
will be observed at the mask elevation angle . Hereafter it

is written as simply rp,x to maintain brevity. Applying law-
of-cosines for triangles at ZXY Z gives,
(Te +Tmin)? =12 4+ 12 — 27 Tmax c0s (90 + 6p).  (43)

Solving the quadratic equation (43) for rp,x and considering
all the distances to be positive, we get

Tmax = \/(7“6 sinfp)? + (re + rmin)? — 72 — resinfy  (44)

Further derivation to find the relationship between A, and
R can be done on similar lines of [24]. From Fig. 2 where m
and n are shown, we can write

Acp = (m® +1?), (45)
R? = (rpin — m)? + n? (46)
Using (45) and (46), we can obtain
A,
R? = rﬁlin = 2 min (Te + rmin)(l — COs '(/1) + po (C))

Using the geometric identity for surface area of any spher-
ical cap, we can write Agp = 2 (e + rmin)? (1 — cosvp).
Substituting Ac,p in (47), we get

A Tmi
R2 = 42 “ap (q_ _mm
nin i Te + T'min

Similarly at 6, = 0y, a spherical cap of surface area A, is
formed by the all the visible satellites at distance less than or
equal to maximum distance r,,x from the user. Hence similar
to (48), for R = rmax, We can write

2 2 T Ayis 1_ T'min
Tmax = "min .
™ Te + Tmin

™
AViS = 7,7 (Trzlax - Tr2nin) (7‘5 + Tmin)'
€

(43)

(49)
or

(50)

Step 2: From Fig. 2, the CDF of the surface area of the
spherical cap formed by satellites at a random distance less
than or equal to R from a user is

X
Fa,(z)=

Avis

(G

Step 3: Using the relationship between Ac, and R as
derived in (48), the CDF of the distance Fz(r) can be written
as

Fr(r)=P(R <) ZIP’(RQ < 7“2)

A
_p (ernin 4 Aesp <1 - ) < ﬂ)
™ Te + Tmin

T(r?—r2)
— N < min
P <Abap ST T >

T'min

Te+"min
2 _ .2
=m0 ) (52)
Avs (1= 7200)
Using (50) in (52), we can write
r2 _ g2
Fr(r) = — o, for rmin <7 < T (53)
Tmax — "'min

where the 7, is given by (44). The corresponding PDF can
be found by differentiating (53) with respect to 7.



APPENDIX B
PROOF FOR SUCCESS PROBABILITY OF Kyg

The success probability is given by the ratio of the surface
area of the spherical cap region where a visible satellite can
lie to the total surface area of the sphere. It can be written as

Avis

= 54
47 (16 + Tmin)? S
Using (50) in (54), we can write
rP _ W(r?nax B ernin)(re + rmin)
o A7 7 (Te + Tmin)?
2 2
Tmax — "min
= ——="=M 55
4re (e + Tmin) (5)
APPENDIX C
DERIVATION OF E[r; & H,;|
Since H,s and R, are independent, E [r, & H,s] can be
written as
E[r,s Hus] = Elr s E[Hys). (56)
Using (2) and (10), E[r,,&] and E[H,;] can be solved as
Bl = [ farae) dra
) 2—a _ 2_—@
(rmax Tmm 2) for o ?é 27
(2 - Oé) (TrQnax - Tmin)
= (57)
2 T
and
E[Hus] = /hus le (hus) dhus
0
mi;—1
2 i i [ 2
Z @i C(K)n (“‘2" ) (58)
= (Bi— )t
APPENDIX D

NUMERICAL INTEGRATION IN (23)

The integral term in (23) can be efficiently calculated using
the vpaintegral function of MATLAB. It uses the global
adaptive quadrature technique and variable precision arith-
metic to perform the integration. The speed of the execution
can be traded-off with the tolerance value. Consider

func = M, |r,. (=) fR(Tus),

where fr(rus) and M, |, (—t) are given in (10) and (22),
respectively. Then, the integral term in (23) can be evaluated
using
vpaintegral(func,r, rMin, rMax, ...
'RelTol',le-4, 'AbsTol',0);
where rMin = rpn, rMax = rmax and the integration is

done for a relative tolerance of 10~ and the option to set
the absolute tolerance is turned off.
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