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Abstract—In this article, we consider an overlay satellite-
terrestrial network (OSTN) where an opportunistically selected
terrestrial Internet-of-Things (IoT) network assists the primary
satellite communications as well as accesses the spectrum for its
own communications under hybrid interference received from
extra-terrestrial sources (ETSs) and terrestrial sources (TSs).
Herein, the 10T network adopts power-domain multiplexing to
amplify-and-forward the superposed satellite and loT signals.
Considering a unified analytical framework for shadowed-Rician
fading with integer/non-integer Nakagami-m parameter for satel-
lite and interfering ETSs links along with the integer/non-integer
Nakagami-m fading for terrestrial 10T and interfering TSs links,
we derive the outage probability (OP) of both satellite and
10T networks. Further, we derive the respective asymptotic OP
expressions to reveal the diversity order of both satellite and
10T networks at high signal-to-noise ratio (SNR). We show that
the proposed OSTN with adaptive power-splitting factor benefits
the 10T network while guaranteeing certain quality-of-service
(Qo0S) of satellite network. We verify the numerical results by
simulations.

Index Terms—Cognitive satellite-terrestrial network, Internet-
of-Things (10T), interference, cooperative diversity, outage prob-
ability, fading channels.

I. INTRODUCTION

NTEGRATION of cooperative relaying to satellite
networks has recently been emerged as a popular paradigm
for reliable communications between a satellite and terrestrial
user equipment (UE), especially when the satellite-terrestrial
UE link is severely masked [1]-[3] (i.e., in the presence of
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heavy clouds, physical blockages, ground user in tunnels,
etc.). Consequently, the dual hop satellite-terrestrial networks
(STNs) with integrated terrestrial relay infrastructure have
been evolved and received tremendous research interests. The
STNs are mainly implemented in an integrated and hybrid
manners [4], [5]. While the integrated STNs utilize the same
spectrum resources for communication over both the satellite-
to-relay and relay-to-UE hops, the hybrid STNs make use of
different spectrum resources for communication over these two
hops. Hence, in integrated STNs, the terrestrial nodes may
subject to hybrid interference from co-channel extra-terrestrial
sources (ETSs) as well as terrestrial sources (TSs). In gen-
eral, the satellite and terrestrial links in STNs are subject to
shadowed-Rician (SR) and Nakagami-m fading, respectively.

On another hand, a terrestrial ecosystem of extraordinar-
ily large number of wirelessly connected devices pertaining to
numerous applications, e.g., home appliances, vehicles, indus-
trial sensors, etc., known as Internet-of-Things (IoT), has been
evolved [6]. Due to the ubiquity and resilient nature of satellite
communications, it can help realizing the IoT communications
its full potential [7]. Most recently, a hybrid network archi-
tecture by integrating the low earth orbit (LEO) satellite to
terrestrial IoT-based low power wide area network (LPWAN)
to provide IoT services in energy, transport, and agriculture
sectors [2], [8]-[10]. The Long-Range (LoRa) and SigFox
are among the promising technologies that enable low-power,
low data-rate, and long range IoT communications in such
LPWANSs [9], [10]. The integration of IoT to LEO and geo-
stationary earth orbit (GEO) satellites has also been proposed
for machine type communications [11]. Further, the integra-
tion of 10T to satellites has already been envisioned in existing
standards, e.g., digital video broadcast-satellite-second genera-
tion extension (DVB-S2X) [12]. Vodafone along with Inmarsat
has started to integrate satellites with terrestrial IoT devices to
increase the cellular connectivity [13]. Note that the integra-
tion of IoT to satellite systems in aforementioned references
is mainly considered based upon the dedicated satellite infras-
tructure and spectrum resources. However, it may be antici-
pated that the massive connectivity requirements of billions
of IoT devices tremendously constrain the available spectrum
resources in upcoming years. Furthermore, the deployment of
a dedicated new satellites for [oT may not be a cost-efficient
approach. Alternatively, the cognitive radio-based terrestrial
IoT integration to existing satellite infrastructure seems to be
a viable solution to support IoT services through spectrum
sharing [14]. Cognitive radio enables the sharing of licensed
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spectrum of a primary network with an unlicensed secondary
network as long as the quality-of-service (QoS) requirements
of the primary network are protected [15]. Most popular cog-
nitive radio models are the underlay and overlay [16]-[19]. In
an underlay model, the transmit power of secondary nodes
is directly controlled to meet a stringent interference con-
straint imposed by the primary network. On the contrary, an
overlay model follows cooperative spectrum sharing technique
where secondary nodes act as integrated relays to the pri-
mary network to transmit secondary signals superposed on
primary signals subject to satisfying certain QoS of the pri-
mary network. The works in [20], [21] have analyzed the
performance of non-orthogonal multiple access-based overlay
cognitive radio networks for terrestrial systems only. Cognitive
radio has recently been incorporated to STNs for higher
spectral efficiency [22]-[24]. To facilitate IoT integration in
spectrally-efficient manner to existing satellite infrastructure,
an overlay satellite-terrestrial network (OSTN) [25]-[27] may
be of great interest where the primary satellite spectrum (e.g.,
direct-to-home television bands, etc.) can be shared with sec-
ondary IoT devices. Herein, an IoT device by taking the role
of a cooperative node not only can access the primary satellite
spectrum for its own communications, but can also enhance
the reliability of satellite communications based on cooper-
ative diversity. We highlight that as compared to underlay
model [16], [17] an overlay model [18], [19] could be well-
suited for IoT integration since the mutual interference among
satellite/IoT systems can be effectively managed by the IoT
network based on simply guaranteeing the long time aver-
age QoS of satellite network. Moreover, because of extensive
frequency reuse in multi-layered ultra-dense STN architec-
ture [2], [3] comprising of the non-GEO/GEO satellites, the
co-channel interference from these ETSs to ground UEs lying
inside their overlapping footprints is inevitable . Furthermore,
in integrated STNs, the common interfering TSs may include
cellular systems, device-to-device (D2D), etc. Hence, it is
important to consider the impact of hybrid interference from
ETSs and TSs on the performance of STNs in view of
interference-intensive future STN architectures involving ter-
restrial as well as non-terrestrial nodes. Recently, in [28], the
authors have considered the hybrid interference from single
inter-component satellite as ETS and multiple intra-component
adjacent base stations as TSs at a cell-edge ground UE. Hence,
in this work, we are motivated to analyze the performance
of an OSTN with coexisting IoT networks in the presence
of interference from multiple ETSs and TSs which is cur-
rently an open research problem. Hereby, an opportunistic IoT
network selection strategy is employed for providing the spec-
trum access to IoT communications in a licensed spectrum of
satellite network. Such a performance analysis is quite chal-
lenging due to statistical dependence among primary satellite
and secondary IoT networks’ links.

A. Prior Arts, Motivation, and Contributions

The performance of STNs has been actively investi-
gated in literature by taking into account decode-and-forward
(DF) [5], [29] and amplify-and-forward (AF) [30]-[32] relays.

The work in [33] has investigated the performance of an
integrated STN. In [34], the performance of dual-hop multi-
antenna STNs has been analyzed. Most recently, STNs with
mobile unmanned aerial vehicle (UAV) relaying has been
investigated in [35], [36]. The works in [37] and [38]
have investigated the secrecy performance of STNs with
ground and UAV relays, respectively. The ergodic capac-
ity of non-orthogonal multiple access (NOMA)-based uplink
STNs was analyzed in [39]. Further, the performance of
cognitive STNs has been analyzed in [25]-[27], [40]-[44].
Specifically, the performance of underlay STNs has been
investigated in [40]-[42] whereas the performance of OSTNs
has been analyzed in [25]-[27]. The optimal resource alloca-
tion for cognitive STNs has been considered in [43], [44]. The
authors in [45] and [46] have investigated the performance of
single- and multi-antenna STNs with interference from TSs,
respectively. The performance of AF-based STNs for gener-
alized integer and non-integer SR fading has been analyzed
in [47] under terrestrial interference. Moreover, the outage
performance of multiuser STNs with imperfect channel state
information (CSI) was assessed in [48] in the presence of
interfering TSs. Furthermore, the work in [49] has investi-
gated the performance of STNs with hardware impairments
and interference. On another hand, the outage performance
of underlay cognitive STNs under interfering TSs has been
investigated in [50]. Note that the majority of aforemen-
tioned works have considered the performance analysis of
STNs with interference from TSs only by neglecting the
crucial interference from ETSs. More importantly, very few
works [47] have considered the analytical framework for SR
fading with integer (INT)/non-integer (NINT) Nakagami-m
parameter for satellite and interfering ETSs links along with
the INT/NINT Nakagami-m fading for terrestrial users and
interfering TSs links. It is quite intuitive that the interference
originating from ETSs may have significant impact on the
performance of STNs since SR fading is dominated by the
line-of-sight (LoS) propagation. So far, in the context of cog-
nitive STNs, the performance analysis of OSTNs taking into
account the hybrid interference from ETSs and TSs has not
been addressed in open literature. An initial attempt in this
direction is made for interference-limited IoT-enabled OSTN
in [51] by considering only integer SR and Nakagami-m fading
parameters. Furthermore, a unified framework for INT/NINT
Nakagami-m parameter-based SR fading for main satellite and
interfering ETSs links has not been introduced in previously.
Motivated by the above, in this article, we investigate
the outage performance of an IoT-enabled OSTN where an
opportunistically-selected IoT network assists the primary
satellite communications while communicating with its own
receiver in the presence of hybrid interference from ETSs
and TSs. We consider a unified analytical framework that
enables the evaluation of system performance under SR fading
with INT/NINT Nakagami-m parameter for main satellite and
interfering ETSs links. We further consider the INT/NINT
Nakagami-m fading for IoT and interfering TSs links. The
main contributions of the article can be summarized as follows:
e We consider a unified probability density function
(pdf) form-based analytical framework for SR fading
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with INT/NINT Nakagami-m parameter for satellite and
interfering ETSs links. We further consider the INT/NINT
Nakagami-m fading for IoT and interfering TSs links.
Based on the above, we present the statistical characteri-
zation of the independent and non-identically distributed
(i.ni.d) hybrid interference from ETSs and TSs for arbi-
trary INT/NINT SR and Nakagami-m parameters.

e Based on the proposed statistical characterization of
hybrid interference, we derive the OP of the satellite
and IoT networks of the considered OSTN for various
combinations of INT/NINT SR and Nakagami-m fading
scenarios. In particular, for non-integer cases of SR and
terrestrial Nakagami-m fading, the proposed analytical
solution is presented in terms of convergent infinite series
whose tightness under certain finite truncation of terms
is guaranteed as shown by the numerical results.

e We derive the corresponding asymptotic OP expres-
sions for INT/NINT scenarios of both SR and terrestrial
Nakagami-m fading for both main and interfering links.
We assess the achievable diversity order of the satellite
and IoT networks under NINT/INT channel parameters.

o We consider the fixed as well as adaptive power-splitting
factors to compare the achievable performance of satellite
and IoT networks of the OSTN for useful insights.

The rest of the article is organized as follows: In Section II,
we detail the system, channel, and propagation models. We
also describe the considered opportunistic IoT network selec-
tion strategy. Section III presents the statistical characterization
of hybrid interference from ETSs and TSs. Sections IV and V
present the OP analyses of satellite and IoT networks, respec-
tively. Section VI formulates the adaptive power-splitting
factor. Section VII presents the numerical and simulation
results, and finally, the conclusions are drawn in Section VIII.

Notations: Throughout the article fx (x) denotes the pdf of
random variable X. The cdf stands for the probability den-
sity function cumulative distribution function Fx(z) of X.
The functions I'(+), Y(:,), and T'(-,-) are the gamma, lower
incomplete gamma, and upper incomplete gamma functions,
respectively. E{-} denotes the statistical expectation.

II. SYSTEM DESCRIPTION
A. System Model

As shown in Fig. 1, we consider a fixed satellite service
(FSS) [40] OSTN comprising of a primary satellite trans-
mitter (A)-terrestrial receiver (B) pair and clustered multiple
secondary IoT transmitter (Cp)-receiver (D) pairs, k =
1,..., K. Herein, we assume A to be a GEO satellite and
all terrestrial nodes B, C}, and D; to be stationary with
negligible mobility. In addition, we consider that the cluster
of multiple secondary IoT transmitter-receiver pairs compris-
ing of IoT transmitters {Ck}le and IoT receivers {Dk}kK:1
along with receiver B are inflicted by My extra-terrestrial
satellite interferers {S; }j\/l:sl and M; terrestrial interferers

{Tl}f\itl, respectively. Hereby, the terrestrial secondary IoT
transmitter-receiver pairs Cj, — Dj. are assumed to be located
sufficiently far apart inside the cluster so as to render indepen-
dent multipath fading over various satellite and terrestrial links.

Fig. 1. OSTN with extra-terrestrial and terrestrial interferers.

We further assume that the direct link between satellite A and
its receiver B is masked due to severe shadowing, blocking,
etc. Herein, the secondary IoT transmitters compete to utilize
the primary satellite network’s spectrum in lieu of opportunis-
tically assisting the satellite-to-ground communications based
on the overlay spectrum sharing principle. According to the
overlay principle, a selected secondary IoT transmitter Cj,
serves as a relay that splits its total transmit power P, to
multiplex the received primary signal and its own secondary
signal in power domain with power levels P, and (1—p)Pe,
respectively, where p € (0,1). The channels pertaining to the
links A — Cj, Cp — B, and Cj, — D}, are denoted as hg, ,
heps and hg, g, . respectively. Also, {hsj}éw:sl and {hy};%
represent the channels from S and T; to the cluster of all IoT
transmitter-receiver pairs C, — Dy, k = 1,..., K. The thermal
noise at each receiver node is assumed to be additive white

Gaussian noise (AWGN) with mean zero and variance a2

B. Propagation Model

The overall communication from satellite A to terrestrial
receiver B takes place in two consecutive time phases with the
help of a selected AF IoT transmitter relay C}. While assisting
the primary satellite communications, the IoT transmitter C},
simultaneously communicates with IoT receiver Dy,.

In the first phase, the satellite A transmits a unit energy
signal z, to IoT transmitter C}, with transmit power P,, which
is also received by the IoT receiver Dj. Thus, the signals
received at C}, and Dy can be expressed as

Yai = PaLaik haik T + Is + It + ng, (D
where ¢ € {¢,d}, I, = ;V[:Sl PsLgjhgjzj and I =

?itl /P Ly hyx are the interferences received from ETSs
and TSs with respective transmit powers Ps and Py, respec-
tively, and ng; is the AWGN. Herein, L4; and Lg; are the
respective free-space loss factors for those links related to
main satellite and interfering ETSs which are detailed later
in Section II-D1. Further, the £y = d,; is defined as the
path-loss factor related to interfering TSs where d; is denoted
as the distance from /th interfering TS to node 4 with « as
path-loss exponent.

In the second phase, the IoT transmitter Cj, combines the
amplified primary signal y,q and its own secondary signal
T¢, using superposition coding by splitting its total power as
uP. and (1 — p)P. among these signals, respectively. The
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resulting network-coded signal can be given as

y(lck + (1

|yack |2
where p € (0,1) is a power-splitting factor. The IoT trans-
mitter Cj, then broadcasts the superposed signal z, which is
received by the nodes B and Dj,. The received signals at B
and Dy, are given, respectively, as

Eck'uhck 2 t+ Is + I + ey 3)

Zeg = uPe - M)chcw )

Yoo =

where v € {b,di}, I, and I; remain the same as defined
previously, and ng is the AWGN. Thus, the signal-to-
interference-plus-noise ratio (SINR) at B via relay link is
given by

,UAackAckb
Aackb = N N N ~ 3 (4)
(1 - #)AaCkAckb + Aack + Ackb +1

N A N A -
where Agq = W:i(l’ Agp = #ﬁfl’ Aage = TaLac | hacy 2
Na = =%, We Ws + Wy, Wy = ?islAsj, Asj =
- . P M
fisLojlhsi % s = 3, We = 24 Ay Ay = neLylhyl?,
. = %’ Ackb = nC‘CCkb|thb|2’ and Ne = B% Here?
Loy = d;kb where d,,;, is the distance between IoT node

C}. and receiver B.

Moreover, from (3), we observe that the received signal
Yoo d at Dy contains the primary satellite signal x, which
can be cancelled by Dy, since a copy of z, is already received
by it in the first phase. Although the assumption of perfect
successive interference cancellation (SIC) at D may be ide-
alistic, it is invoked for analytical tractability. Moreover, it
provides a benchmark of the system performance aided by
the advanced SIC techniques or multiuser decoders. It may be
true for high signal-to-noise ratio (SNR) transmission and/or
very good channel conditions, e.g., clear sky, etc. However,
the situations may arise when the primary link is blocked with
non-zero probability at Dj. The analysis for this case is mathe-
matically tedious and may be deferred to future works. Hence,
the equivalent SINR at the IoT receiver D; after primary
interference cancellation is given by

(1 - M)Ackdk A(le +1

Aacedq = - ; : (5)
K pih g g + Mo +1
Apa = 29% and A g = he g, |2
where A, g, = 5% and Ag g, = ncLo d | d|”- Here,

Lecd, = dc_k d where d, 4, is the distance between 10T nodes
Ck and Dk'

C. Criteria for IoT Network Selection

We now discuss the criteria for selection of the best IoT
network (i.e., selection of the pair Cp» — Dg+). To provide
opportunistic spectrum access to [oT network, the best sec-
ondary network should be the one that incentivizes the satellite
network with reliable communication. Hereby, if perfect CSI
is available for A — C}, and C}, — B link, an opportunistic
strategy can be employed to maximize the end-to-end SINR

at the satellite receiver B as
k* = arg max

A .
ke{l K} ack b (6)

Note that the aforementioned strategy can be implemented
in both the centralized and distributed manner as described
in [52]. More details regarding the implementation of con-
sidered scheme can be found in [25]. Hereby, we assume
that perfect CSI is available and any Doppler shift is well-
compensated for performing the IoT network selection. The
CSI can be estimated at IoT transmitter nodes C}, through
pilot symbol transmissions sequentially by the nodes A, B,
and Dy, in time-division manner. Based on the estimated CSI,
the selection of IoT network Cp+ — Dy« is performed and
the necessary information about selected IoT network is fed
to the satellite A via a terrestrial gateway over an error-free
reverse feeder link. However, it is intricate to obtain perfect
CSI in STNs due to large distance, propagation delay, atmo-
spheric attenuation, etc. between satellite and ground UE [54].
Although the works [55]-[57] have recently dealt with the
issue of CSI acquisition in STN, it remains an open research
problem of great interest. Majority of works on STNs have
relied on such assumptions for a benchmark performance
analysis, e.g., [25]-[27], [30]-[42], [45]-[50].

D. Channel Models

1) Main Satellite and Extra-Terrestrial Interference
Channels: The channels hy; , i € {c,d}, k € {1,...,K}
pertaining to main satellite links follow the shadowed-Rician
(SR) fading. Consequently, the probability density function
(pdf) of independently and identically distributed (i.i.d.)!
squared channels |h;, |2 can be given by

f|haik\2(x) = agie” ¥ 1F1(meis1366i7),2 >0, (D)

where aqi = (204iMai/(200ima; + Qai))" /2045, Bai =
1/260i5 Oai = ai/(204i)(20aimai + Qqi), Qa; and
2bg; are, respectively, the average power of the LoS and
multipath components, m,; denotes the fading severity, and
1F1(+; ;) is the confluent hypergeometric function of the first
kind [58, eq. (9.210.1)]. In general, the pdf in (7) can be re-
expressed under the two cases based on the values of parameter
mg; being INT or NINT. As such, the corresponding pdfs can
be represented in a unified form as [34], [49], [53]

( ,ai)

(( aiy(R)z e €D (8)

f|haik|2(x) = Qgqj .
=0
where v € {INT, NINT}. It follows that @(NT, i) = Mai—1,
CANT,ai) () = (=1) (1=mqi) 64;/(K)?, BaNT,a) = Bai —
dais for v = INT, and @(NINT,ai) = OO ((NINT,ai)(K) =
(mai) 04i/ ()% BNINT,ai) = Bai» for v = NINT, with

(-) as the Pochhammer symbol [58, p. xliii].
Further, a free space loss scale factor for satellite links

a ( ik)( c

Loic = Terw (1 fa, )» Where
K = 1.38 x 1073J/K is the Boltzman constant, 7 is the
receiver noise temperature, VV is the carrier bandwidth, c is

can be given as [41]

n this work, we assume i.i.d. statistics for various satellite and terrestrial
links. It is a reasonable assumption since IoT nodes are located sufficiently
far apart inside the cluster. As such, it helps benchmarking the performance
of considered OSTN system model by managing analytical tractability.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:26:06 UTC from IEEE Xplore. Restrictions apply.



SHARMA et al.: PERFORMANCE ANALYSIS OF IoT-BASED OVERLAY SATELLITE-TERRESTRIAL NETWORKS UNDER INTERFERENCE 989

the speed of light, f is the carrier frequency, and d; is the
distance between A and 4. Here, 9, denotes the antenna gain
at satellite, 1J(6;, ) gives the beam gain of satellite towards i

(3 4367 ('k)),

where 0;, is the angular separation of node i from the satelhte
beam center ¥, is the antenna gain at iz, J ( ), 0 €{1,3}
is the Bessel functlon and p;, = 2.07123 ”dB with 0; 348
as 3dB beamwidth. Note that since the satelﬁte (e.g., GEO)
is located at very large distance from ground, i.e., 35,786 Km
and the beamwidth of satellite antenna pattern is of the order
of less than 1°, it is reasonable to consider d; ~ d;, 0; ~ 0;,
Pi, = pi, and 9; = 9J;, Vk. Thus, we can have L,; ~ L,
Vk to facilitate i.i.d. channels.

Now, considering 7, = 74L4; and making a transformation
of variable, the pdf of the random variable Ay, = 74 |hgi, |2
can be expressed as

which can be expressed as 9(6;, ) = ¥,

ik

( ,ai) .
C at (Kj) _( ‘al)x
L) e et (9)
-0 (1a)

anik (x) = Qg4

The corresponding cumulative distribution function (cdf)
FAaik (z) can be computed, by integrating the result in (9)
with the aid of [58, eq. (3.351.2)], as

FA : (m) 1-— Xy 1 -
aiy 0 (Na) + p=0 p!
ﬂ —( +1-p) _(ai)
X (.a) zPe a . (10)
Na
Likewise, we can obtain the pdf of ii.d. squared

interferers’ channels |hgj|? (e, Jing; 2(z)) using (8) for
corresponding INT and NINT cases of SR fading by
replacing the parameters {w@( ), (( qi)(K): B( ,ai)} and
{@ai BaisPais Oais Mai, Qai} DY w( ,s)v(( ,s)(’i)vﬁ( ,s)}
and {as, Bs,bs, ds, ms, Qs }, respectively, for j = 1,..., Ms.

We further have Ly = %i)( s i ). Here dg; is
the distance between ETSs and ;. Here, 19 denotes the

antenna gain at satellite, 1(fy;) gives the beam gain of satellite

Uy (g +

, where 0 is the angular separation of node i

towards 4, which can be expressed as J(0,;) =

36 jg(S_Sj ) )

from ?he ETSs beam center, 94, is the antenna gain at i,
ps = 2.071235 sin .‘GB with 03¢ as 3dB beamwidth, and
other parameters arsé the same as defined previously. As done
previously, we consider dg; ~ ds, 98j ~ O, psj ~ ps, and
Vg = Vg, Vj tohave Ly =~ L, Vj to facilitate i.i.d. channels.

Consequently, the pdf fAs (z) and cdf Fy () for random
variable Ay = ns|h5j\ with s = 7L can be obtained
using (9) and (10), respectively, based on the aforementioned
procedure where 7, is replaced by 7ns.

2) Main Terrestrial and Terrestrial Interference Channels:
The channels for main terrestrial links (i.e., hg , v €
{b, di.}) and terrestrial interferers follow Nakagami-m fading.
Accordingly, the pdf fy (z) and cdf Fae, (z) of i.id. ter-
= ncLlegolhe |2 can be obtained by the

restrial links A,

TABLE 1
ILLUSTRATION OF VARIOUS SCENARIOS BASED UPON THE VALUES
TAKEN BY {mgj, ms} AND {mc ,mt}
Parameters H Scenario 1 ‘ Scenario 2 ‘ Scenario 3 ‘ Scenario 4
{mai, ms} INT NINT INT NINT
{mecv, me} INT INT NINT NINT
transformation of gamma variates, respectively, as
me me —1 m
me T —_Mc .,
fae, (z) = e ¢ ¢ an
Ck Qe Ne T(me )
and
I (2) 1 Me T (12)
A T)= 77—~ Me
o F(mc ) ’Qc Me ’
where v € {b,d}, k =1,..., K, m¢y and Q. = Ly (with

Ly = dg, , V k under clustered IoT devices) are the fading
severity and average fading power, respectively, with Y(-,-)
and T'(-) as the lower incomplete and the complete gamma
functions [58, egs. (8.310.1) and (8.350.1)], respectively.

Further, considering Ly = £y =~ d; , V [, the pdf fAC (z)
and cdf Fi, (z) of ii.d. random varlables Ay = ntﬁtl\htl\
corresponding to terrestrial interference links can be, respec-
tively, expressed using (11) and (12) by replacing therein
the parameters {m. ,Qc ,nc} with {my, Qr = L4, 7}, for
l=1,..., M.

Note that based on the values taken by the parameters
{mygi, ms} pertaining to the main satellite and extra-terrestrial
interference channels and {m. ,m:} corresponding to the
main terrestrial and terrestrial interference channels, various
scenarios can be analyzed as shown in Table 1.

Since we have represented the pdf and cdf of SR fading
in generalized forms for v € {INT, NINT}, Scenarios 1 and
2 in Table I can be equivalently given as Case 1: INT/NINT
{mgi, ms} and INT {m. ,m;}. Similarly, we have Case 2:
INT/NINT {mg;, ms} and NINT {m. ,m;}. Hence, in what
follows, we take into account these two cases for the outage
performance analysis of the satellite and IoT networks of the
considered OSTN.

ITII. STATISTICAL CHARACTERIZATION OF HYBRID
EXTRA-TERRESTRIAL AND TERRESTRIAL INTERFERENCE

In this section, we statistically characterize the hybrid
interference from ETSs and TSs, i.e., W, which is given as

We= Ws + W 13)

To proceed, we require the pdf of sum of i.i.d. SR variates
(i.e., Ws) as well as the sum of i.i.d. Nakagami-m variates
(i.e., W¢). So, we first derive the pdf of W as given below.

Lemma 1: The pdf of W, can be expressed as

E( 'S)(Ms)wAe*G( S)W

s
)
where 2 ) (Ms) = s M:S1C( y(2) jMS1 o {:1 U
Hidie+ D)o A = M Moy = L2
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= 9. .09 and &(,-) denotes the Beta
1 iMs

,S
%ungtion [58, eq. (8.384.1)].

Proof: Since Wy = ]M Ag;, the pdf of W can be eval-
uated via M,-fold statistical convolution of independent pdfs
fag(w), i =1,..., My as [34]

st(w) = fAsl(w) *fAsz(w) koo *fAsMs (’U}),

where the symbol “x” stands for convolution. Let us first con-
sider the derivation of pdf fyy, (w) for the case M, = 2 which
results in Wy = Ag1 + Aga. Consequently, we have

15)

w
st (Z) = fAsl (I)fAsz(w - SC)d.Z' (16)
Further, by making use of (9) in (16), one can have
C.s) (.9) C ; ;
2 ( ,s)(Zl)C( ,s)(ZQ) e
st( ) A i1tiz+2 e TG
i1=0 =0 Ns
w . .
x " (w — x)2dz, (17)
0
which upon using [58, eq. (3.191.1)] yields
C.s) () C ; ;
9 (o ()¢ 9(2) o
fwe (w) = oy R ) e T
i1=0 iz=0 Ns
X ®(ip 4+ 1,0 + Dwitet! (18)
Following the identical procedure for M, = 3, ie., Wy =

Ag1 + Ago + A3, the resulting pdf can be calculated suc-
cessively using the convolution of equivalent pdf of W, for
Mg = 2 in (18) and the pdf in (9) as

(.8) (.8 (.9
fw, (w) = o

11=0 4=0 143=0

C( s)(ll)C( s)(lQ)C( ,s)(i?))
x i1+i2+13+3
778 . . -
X @iy +ig + 2,13 + 1)w11+12+23+26_®( Y,
19)

D(ip + 1,72+ 1)

Applying the procedure for M, convolutions successively, we
deduce the pdf of Wy as (14). [ |

Further, the pdf of W; (i.e., sum of i.i.d. and equal power
terrestrial Nakagami-m interferers) can be given as

me my My ,wthtfl _mgw

— e tt,
Jw (w) Qg I'(m¢ My)

Finally, having the pdfs of Wy and W;, we determine the
pdf of W, in the next lemma.
Lemma 2: The pdf of W, can be given as

E( ,s)(MS) me me Me D(my My, A)

(20)

w) =
fwe(w) (.9 U Qume I'(my My)
% wA+tht* 7%
1F1 A A+ mMy;—6( guw 2D
where (:)( 5) =

Proof: Based on (13), the pdf of W, can be derived as the
convolution of two hybrid i.ni.d. interference variables Wy and
W} according to the following expression

w

fWC(w): st(LE)th<’LU7.’E)dI

Upon plugging (14) and (20) in (22), it results

(22)

fw) = @)1 my M
e (.5) i L(me M) Qg
myw w ~
xe tu A (w — )Mt M 1m0 97 gy
0
(23)
Finally, evaluating the integral in (23),
using [58, eq. (3.383.1)], one can attain (21). [ |

Remark 1: We highlight that the derived pdf of hybrid
interference in (21) can be utilized to emulate a wide variety of
interference scenarios by arbitrarily choosing the NINT/INT
values of SR and Nakagami-m parameters for interfering ETSs
and TSs links, respectively. In addition, (21) facilitates the
performance analysis for arbitrary numbers of interfering ETSs
and TSs.

IV. OUTAGE PROBABILITY OF SATELLITE NETWORK

In this section, we evaluate the OP and achievable diversity
order of the satellite network of considered OSTN under the
Cases 1 and 2 as discussed previously in Section II-D.

For a target rate R, the OP of the primary satellite network
with selected 10T network Cj+ — Dy« can be determined as

7)8?12 Ry =Pr Aack*b <p

K
=E PrAgp<vplWe=w ,

(24)
where v, = 22Rp _ 1 is a threshold. Here, we highlight that
the OP analysis based on (24) using the exact SINR expression
in (4) is analytically intractable. Therefore, we resort to a tight
lower bound analysis for OP of satellite network based on an
upper bound on exact SINR in (4). We now proceed with the
OP analysis of satellite network for Case 1 in the following
subsection.

A. Case 1 (INT/NINT {mg;, ms} and INT {m, ,m4})
1) Lower Bound OP: Let P33 (R,) represents the tight

out
lower bound on the exact OP Psat t(Rp) in (24). Thus, we
have the following theorem.
Theorem 1: The tight lower bound OP of satellite network

75332(721,) for Case 1 is given as
v Rp ’ if Tp < Mlv
1’ if Tp 2 M/7

where ¥ (R,) is glven by (26) at the bottom of the

Pout Rp = (25)

next page, with p/ = = Y = ﬁ’ S =
{5l w67 sm = n} Ar mes Mm,
A( m) T ;’”?C) ( a))E_) '<@( ac))i( - m)’ lfl =
(S TehTtsy = b Ag o= b lps, By =
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(T O ag) = O ae) + 5 O o) = <22
Ay =A¢ 4¢)+Ach {sm} and {sp} are nonnegative inte-

gers along with the function 7(z) = A + m¢M; + =z, for
some x.

Proof: Please refer to [61, Appendix A] for detailed proof
of Theorem 1. Due to space constraint, we refer all the proofs
to [61] which is the online version of this document. [ |

Remark 2: In (25), v < p is the necessary condition to
allow secondary spectrum access for IoT network, otherwise
an outage event is induced making the primary communica-
tions unsuccessful. Hence, the maximum rate R, for satellite
network is constrained as R, < %logg(l + ).

2) Asymptotic OP: We derive the asymptotic OP of the
satellite network at high SNR (i.e., (14,7¢) — 00) to assess
its achievable diversity order.

Corollary 1: The asymptotic OP of satellite network for
Case 1 under v, < u' and 7, = 1, = n can be given as

- K
ac p :
- ot R B 1/J1(K), if Mep > 1,
out,00 P — ac” ~ K .
2 b4 ch P1(K), if mg =1,

In the next subsection, we proceed for the OP analysis of
satellite network under Case 2.

B. Case 2 (INT/NINT {mg;, ms} and NINT {m. ,m¢})
1) Lower Bound OP: 1In this subsection, we derive the OP
of satellite network for Case 2. We have the following theorem.
Theorem 2: The tight lower bound OP of satellite network

psat (R,,) for Case 2 is given as

U Ry, if vp < i,
17 if’YpZ,U/’

psat
out

Ry = (29)
where U(R,) is given by (30) on the bottom of the page,
with U(-,;-) as the confluent hypergeometric function [58,

eq. 9211.4)], T = {S,| pe0Sp = vh Ay = 2o(p +

— _1)P _
mes)smo Bp = grlimigy (s P70 By = A o) +
Ay and {5} are nonnegative integers.

Proof: Please refer to [61, Appendix C] for proof. |

2) Asymptotic OP: We now derive the asymptotic OP of
satellite network at high SNR below.
Corollary 2: The asymptotic OP of satellite network for

27 Case 2 under vp < g/ and ng = ne = n can be given as
where the function 1 (z) is defined as o K )
2P (K), if me > 1,
Tr B9 m T Poitoo Rp = | mp MK (31)
di(z) = ¢ X Qo T(mep$1) oo
q=0 (,8) s X ¢1(mch), if Mmep < 1,
(I)(tht7A) _
T(mMy) I'(7(q)) where the function ¢ () is defined as
—O( o — = M M@ (my My, A
oF1 A,7(q);7(0); SR il (28) Py(z) = ( 'S)/E s)my P(my My, A)
my (o Qine I'(m¢ My)
Proof: Please refer to [61, Appendix B] for proof. | o (A), — é( ) 9
Note that in Corollary 1, ns and 7; correspond to interfering X "
ETSs and TSs, respectively. 9=0 (T(O))g!]
K ( ,ac) mep—1
n! Sm n! S, ~A( )
\Ij Rp = n (7]‘)na'gjc ( ,ac) s | A( ,m) mcb*1 s | BP pfyp
n=0 S .m€eS  m=0 m: m=0 SpeTy  p=0 P p=0
A —_
X efé( ,ac)” p © A( ) =( rs)(Ms) myg e @(thth)
A
= 9 (9 Qi [ (my M)
I'(r -0
x T ok A0 g 6)
O( Lac)™ip + (,ac)™P T O
K ( .ac) n v
— K ! 5 -1
) Rp = (—1)”0&26 (ZC A( ’m) " n %
n=0 " S¢ . myeS  m=0 Sm: =0 v=0 ! (L'(mep))
X v b B, NG )6~ (O ac)np) S M) my M (my My, A)
T = p p ' A T ALY
SpeT p=0Sp* p=0 (s) Ns Qene I'(me My)
* Wy O gr( (O)U 7(g),m g+B()+1 ;0 S + o (30)
X T T , T ; n
o (M0 TR0 o)™ 0,
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mg

Xown . (32)

x D(r(g)U 7(9);7(g + + 1);
Proof: Please refer to [61, Appendix D] for proof. |
Remark 3: For Case 1, the asymptotic OP of satellite

network is proportional to =X as seen from (27). Irrespective

of the INT/NINT values of Nakagami-m based SR fading, the
diversity order remains K for INT values of m,;. Further, the

diversity order of satellite network for Case 2 (i.e., NINT m_;)

is mep K for mg, < 1 and K for m., > 1 according to (31).

Note that a fractional diversity order of the system is possible

under this case.

V. OUTAGE PROBABILITY OF IOT NETWORK
As done for satellite network, in this section, we evaluate
the OP and achievable diversity order of the IoT network of
considered OSTN under the Cases 1 and 2.
For a target rate Rg, based on the SINR in (5), the OP of
the selected secondary IoT network Cj+ —Dy+ can be given as

I T
Po?lt (Rg) = Pr Aack* dix < Vs

1
E P /’LACk*dk* Aack* + 1 ’ W .
= r— = <pys We=w s
NAck* dk* + Aack* + 1 #
(33)
where v, = 22Rs — 1 is a threshold. Note that the exact

OP analysis according to (33) is analytically intractable due
to the two factors, i.e., the involvement of too many random
variables in SINR A, , 4, and the statistical characterization
of Agesde. for the selected IoT network Cp+ — Dy«. Here,
we encompass the first factor by applying the bound % <
min(X, Y) to evaluate a lower bound on exact OP in (33)
(say PIT(Rg)) as

out

where the conditional OP PLoT (Rg|w) can be expressed as

$ %
= PI' min /’LACk*dk* ) Aack* + 1 < U ’Ys|w N

(35)

Pt (Rs|w)

After a variable transformation for Aack* + 1 and some
manipulation, P1°T (Rg|w) in (35) can be expressed as

out
F Ack*dk* N,75|w I lf Vs < i/7
!
Ao g . Mslw
Pg)?ltT(RS|w) = e
+FAﬂ* wWys — 1w
X F Ack*dk* M/’75|w 9 lf /YS Z L/a

(36)

where Fx(-|lw) = 1 — Fx(:|w). In the next subsection, we
evaluate the OP of IoT network based on (34) for Case 1.

A. Case 1 (INT/NINT {mg;, ms} and INT {m, ,m})

1) Lower Bound OP: As can be observed, in (36), we first
need to obtain the cdf /'y (z|w) for selected IoT network
according to the followmg femma

Lemma 3: The cdf FAack* (z|w) for selected IoT network
Cpx — Dy« under Case 1 is given by

Fi o (zlw) = ¢1(z|w) + p2(z|w), (37)
k*
where ¢1(z|w) and pao(z|w) are given by (38) and (39),
respectively, on the bottom of the page, with 19( n) =
+1
nG)( ,ac) + (n ) Meb and Wi on) = (n—|— 1)@( ,ac):
Proof: Please refer to [61, Appendix E] for proof. |
Further, by realizing the fact that the selection strat-
egy in (6) is independent of the Cj — Dy link, the cdf

Pgﬁrtf( Rg) =E 7%3?(725| We=w) , 34) F Repran (z|w) in (36) does not follow the order statistics,
K-1
K Mep Meb K -1 n'
A = Ty R p (el L
cb cbTlc n—0 S myES  m=0 Sm!
( ,ac) sm ! mep—1 Spl" A( ) + mep ( ,ac) C( ,ac)(”)
g Acm) e =T | S I v ST
m=0 SpeTn  p=0 SP° p=0 19( ) —0 Ma
q
T k+ 17@( ’ac)m(w +1) A¢yt+men—1 19( )
x o t1 - WT K+ q+1Lw pyz(w+1) (38)
( .ac) q=0 T9 py
( ,ac) C (/i) K-1 K1 nl ( ,ac) sm
§02(£C|U)) =K ( a ; . (_1)77, ;L;‘rl = ' A( m)
=0 n=0 S¢.mES  m=0 Sm’ m=0
(TL—|—1) Mch 16 pT I€+A()+1,W( n) (w+1) %
x Mep—1 o7 p FA T+ 39
SpeTz  p=0 °p° p=0 Y )
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ie., F 1

Ao g (z|lw)=F ;5  (x|w). Hence, we have Theorem 3: The lower bound OP of the IoT network
k* Sk *

AC d D . .
- 10T (R) for Case 1 is given as

1 m.x(w + 1 .
F Aot @10 = 5T mcd76§g(w) - (40) ] Uy (Rs), if 75 < L,
o o e T (Rs) = U1(Rs) + Wa(Rs) + U3(Rs),  (41)

Having derived the required cdfs Fjy (z|w) and if vy >4,

F Ack*dﬁ* (x|w), we calculate the OP of IoT network where W1 (Rs) and Ua(R ;) are given by (42) and (43), respec-
in the following theorem. tively, at the bottom of the page. Also, U3(R;) is given by (44)

mt Mt

m
=
£

l -m
1 Med Vs _ —Med s [
Ui(Rs)=1-— @ g @)
(Ra) =0 I Qegne(l — p)

oM D)y A, 2(g)im(0);

I'(me M) Xc(tq) Xe,t

my
Qeny

(42)

!
2(ae) Y 1)l .~
+1 n ( 1) Yac ( .ac) 5 |
=0 Tl n=0 S mES m=0 Sm’

( ,ac) —1 / —1
* Sm (n + 1)! b B 59 I' rt A( ) +1 l Meds
PP IE T Bl

: / men—1 1)
m=0 SyeTz  p=0 p° p=0 Y )

(M) my "M@y A)

i Qg I'(my My)

|

3

g

w
-
Ju

=0 (,8)

<

!
A A0

< ST, gy A ()i (0)

Xt Xe,t =0

v r n e \ .
. ; Lty (g+9) 2P A 7(g+9)im(0); w i( :i-)X t
“( ,n):}/s + Xe,t () @

(43)
g=0

( .ac)
K m K-1 n! §
F( ) g cb (‘U”aﬁj‘l — ' A( m) m
Mep eblle n=0 n S¢ .mES  m=0 Sm* m=0

mep K—1

\113(7?,5) =

—1 , -1

O 0701 G0 B W5 P
—1 P A+ +1 1 _

—Ted 5 : l E'( ,s)(MS) mg me M @(’tht,A)

X e cd c@—)
i—o @ U Quny ' (m¢ M)

(\I/4 (Rs) - U5 (Rs)) (44)

[(k+1) r(T(q))zFl AT(q)~T(0)-_é( 5 O( Lac)¥s .

Uy(Rs) = ——5 (tq) e ]

y v I(r(q+9) 2h A, 7(qg+ 9);7(0); =

(g+9) 5
9=0 ! 6( ,ac):ys + Xe,t 9( sac)s + Xert

(45)
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at the bottom of the previous page which contains U4(R ) and
U5(Rs) as given by (45) at the bottom of the previous page
and (46), at the bottom of the page respectively.

In aforementioned expressions, various terms are v; =
wWys —1, Xet = %ermwiwl A’( )= D( a0) + A,
with all other terms the same as defined previously.

Proof: By first making use of series representa-
tion [58, Eq. (8.352.6)] for function Y(:,-) in (38), (39)
and (40) and eventually, evaluating (3(4) results in (41), where

/
\DI(R ) =E F; Ack*d . NVslw s (47)
C
Uy(Rs) =E @3 plvs — 1w F Repod sl -, (48)
and
C
U3(Rs)=E @1 p/ys— 1w F Repod s w (49)
We can compute now U1(R;), U2(Rs), and ¥3(R) similar
to Z1 in [61, Appendix A]. |

2) Asymptotic OP: We examine the asymptotic OP of IoT
network for its achievable diversity order.

Corollary 3: The asymptotic OP of IoT network for Case 1
under 1, = 1. = 7 is given by

1
T ety vi(me).
if g < < L and Mmep > 1,
T(meg+1) ch ?1_ ) Y1(meq)
K-1 - K
4+ 14+ _ac’s

achb
X ¢1( )a if v > i/
1 mCd
L(meg+1) Qcq (1* ) K
X P1(meg) + 2= Yi(K),

if vs> 4 and mg, > 1.

PIOT ~
out, oo( ) and Mgy = 1,

(50)

where the function 11 () is the same as defined previously in
Corollary 1.

Proof: The proof follows the [61,
whereby we approximate the cdf F 3

Appendix E]
(z|w) =~

Ck*dk*

1 o (WHDT \meg 1
Flrea Jrl)(m (sj)(;: )z)m d at high SNR. Further, we approx-
imate Fj_ ( |w) by simplifying the term [F | (z|w)]%~!

therein at hlgh SNR as

*
K-1
(lw)

[F i(elw)) ™ By (slw) + Fy (51)

where the product of cdfs leading to higher order is neglected.

Utilizing these cdfs and following the procedure as given

in [61, Appendix E] along with the high SNR approximations

of cdfs Fy  (2|w) and F;  (z|w) from [61, Appendix B],
acy ckb

one can get
ac’T K K .
=22 (w+ 17, i me > 1,
F[\ack*(ﬂw): _ac i_kﬁ K(w+1)K
if Mep = 1.
(52)

Using these cdfs in (36), one can evaluate (34) by taking the
final expectation as in [61, Appendix A] to get (50). |

B. Case 2 (INT/NINT {mg;, ms} and NINT {m. ,m¢})

1) Lower Bound OP: We hereby proceed to derive the OP
of IoT network for Case 2. Similar to that in Case 1, here we
need the cdf g _ (z|w) for selected I0T network as derived

k*

in the following lemma.
Lemma 4: The cdf F Aac

(z|w) for selected IoT network
Cj+ — D+ under Case 2 is given by

Fi, (0l0) =B1l0) + Boolw),  (53)
where @7 (z|w) and Po(z|w) are given by (54) and (55),
respectively, on the bottom of the next page, with 5( n) =
TL@( ac) T 0 me .
Proof: The proof follows [61, Appendix C] where we invoke
the terms @y (z|w) and Py(z|w) in place of ¢1(xz|w) and
a2 (x|w), respectively, to get (53) after some straightforward
mathematical steps. |
The OP of IoT network can now be derived as follows.
Theorem 4: The lower bound on OP of the IoT network

PLOT(R;) for Case 2 is given as
L2 (R )s if'73<i/7
PcI)(l)ltT( Rs) = Uy (Rs) + \112(723)14r @3(738)’ (56)
it v4 > =,

where U1 (Rs) and Us(Rs) is given by (57) and (58),
respectively, at the bottom of the next page.

Also, U3(Rs) is given by (59) at the bottom of p. 12 which
contains W4 (Rs) and W5(Rs) as given by (60) and (61), as
shown at the bottom of p. 12 respectively.

actmep—1 99 s +q - \u u
o) Dk + +1 I'(r(d O s wnds)" - u
q=0 ¢ v n) Xe,t Xet u=0 ’ §=0
T(r(d + ) e 00 N
@21 Arld+)i7(0) W ) 7s T Xt

w( 1n):}/s + Xe,t

(46)
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Proof: By first making use of Taylor series representa-
tion [58, Eq. (8.354.1)] for function Y(-,-) in (40) and (55)
along with its finite series representation [58, Eq. (8.352.6)]
in (54) and then, evaluating (34) results in (56), where

C
wyslw (62)
C

Uy(Rs) =E @y plys — 1w F Repud. Wyslw -, (63)

TR =E F g

and

C
U3(Rs)=E g ;/'ys—l\w F ,u/%|w . (64)

Ack* dy

We can compute now W1 (Rs), Uo(Rs), and W3(R) similar
to Zo in [61, Appendix C]. [ |

2) Asymptotic OP: Next, we examine the asymptotic OP
of IoT network.

K myy M Tl g
chﬂc n

(_1)n n+1

aac

¢ e " (-1)" ol % g e

= ()W

X
g=0 @' A¢y+mep+q

v (ma))” o, oW

(.n) (1 + w)Z( y+meh

+1
SpeT @
T k+q+1,0( gz(w+1)

Tgrl
O ac)

(54)

( ,ac) K-1
C( ,ac)("{) K-1 (_1)nan+l

ac ( ,ac) '

N )
Za(alw) 2 )

! ( ,ac) sm

ACm)
S( 'm)GS m=0 Sm' m=0

oo ng H+A()+1,(n—|—l)®( ’ac)x(w+1)

B, (55)

+A(y+1

" p=0 (n+ 1)@( .ac)

T _ 1 > (_1)l MedVs

Mg +1 E( ,S)(Ms) my mg M

F(mcd) =0

@(tht,A) o (A)g _é( )

l!(mcd + l) chnc(l -

1) () ni Qi

g
myg

(57

PlmeMy) o (7(0))g9!

F(T(g)) U T(g)vT(g + Mg + I+ 1)7 Qtnt

(=1

n,ntl n! Sm
ac ( ,ac) |

S( ’m)ES m=0 Sm: m=0

; J
e - @ (_1)J (TL + 1)@ ,ac
B, ™ (,ac)

A+ B M) omy
X Vs

|

o0 = ) —- .
p=0°P" g j=0 j! K—FA( )—I—]—|—1

mt Mt ®(my Mz, A) o0 (A)g 7(:)( ) gF(T(g))

. ()

x T(meg)U 7(9),7 g+r+Dy+j+2 LS

meg +1

ni Quny

T )~ (), Tme)

i (-1
Qe =0 l!(mcd + l)

mi

x o Med¥s U 7(9),7 g+r+DB(y+meg+1+j+2 ;5 (58)
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Corollary 4: The asymptotic OP of loT network for Case 2Having the cdfs required in (36), we evaluate (34) by taking

under o = ¢ = s given by

Med s Med
oo (ISH)
e
Meg —
Med s
o @sp 1(Meq)
K

1(K),
and mg, > 1,

M s Meqg
o (ISH)

ac

"~ 1(Meq),

1
((Meg+1)
if
1
(meg+1)

s <

ac_ s

1
m

+
if

1
( Meg +1)

loT
out,

P Rs
(Re) "~ 1(Meq)

Mep (K S1)+1
S

mep KS1

K
t Mg (RSO

1 Mcp
( mep+1) ch

x g(mep(K S 1)+1),
if and mg, < 1,

S m

(65)

where the function 1(x) and 4(x) are the same as de ned
previously.

Proof: By following the proof of Corollary 3, one can obtainOP of the satellite networl

the cdfF (x]w) for Case 2 at high SNR as
ack

K
X K
-2 (w+1)", if mep > 1,

the nal expectation as in [61, Appendix C] to get (65).1
Remark 4:For Case 1 (i.e., INT/NINT SR and INT

Nakagami-m fading), the diversity order for < ui and

s Lis Mgy and min(K ,mqy) as seen from the asymp-
totic CSIP expression (50) for 1oT network. Similar to Case 1,
the diversity order for Case 2 ands < ui IS Mgy.
However, for s -, the diversity order isnin(K , mgq) and
min(mgp(K S1)+1, mgy) for mg, > 1 andmg, < 1, respec-
tively, according to the asymptotic OP expression in (65). Note
that a fractional diversity order may occur in this case.

VI. ADAPTIVE POWER-SPLITTING FACTOR

In this section, we devise the scheme for nding the
appropriate value of power-splitting factarfor effective spec-
trum sharing. Recalling the necessary conditign< p in
Theorem 1, the feasible dynamic rangebfcan be formu-
lated asﬁ i 1. Further, to obtaini, a QoS constraint
must be imposed to protect the satellite network from loT
transmissions. Thus, we choose the valugiduch that the
Sal(Rp) is guaranteed below a
predetermined QoS level| i.e.,, PSA(Rp) . Note that if
this QoS constraint is taken at equality, the resulting valye of

minimizes the OP of 10T network (i.eR/9T (Rs)). Although

K KS1 the closed-form solution gi under above constraints is infea-
E (x|w) Mo (RS (Mep+l) sible, it can be determined via numerical search method. It is
acy « Mg Men(KS1) (K $1)+1 worth mentioning that the calculation ¢f by the aforemen-
b xMe ) . ) .
cb K E1)e1 tioned procedure is done at certain xed SNR level (or transmit
x (w+1)Meo(KSDH ig m < 10 power of satellite/loT nodes) which may be referred to as the
(66) operating SNR point of the system. Hereby, the valuguof
KS1 = (., ac)
~(Re) = K mep Mo KS1 &1 et n! o A sn " n
ST (mep) o n ac (ao) o | (,m)
c ¢ n=0 S.myS m=0 SM: m=0 v=0
& : &1\g—d
(51)" v g s T L) SV ( +q+)
\Y = 1 +1 — +0g+1
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GoMs) me ™Mocmme ) O S (9 (@) — p a—
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10°8

is adapted in accordance with the operating SNR point of the
system. Moreover, we consider the simple case of assigning
an arbitrary xed value ofu without adapting according to the 107k
operating SNR point of the system within its dynamic range
for performance comparison.

Outage Probability

VIl. NUMERICAL AND SIMULATION RESULTS

In this section, we present numerical results for considered
OSTN. Here, the simulations are conducted #dP inde-
pendent channel realizations. In the simulations, the values e e A
of a few parameters are exibly chosen for a clear illustra- SNR (dB)
tion of their impact on system performance. However, our
analysis is not restrictive to any speci ¢ practical settings ot9- 2
system parameters. We sBf, = Rs = 0.5 bps/Hz such
that , = s = 1 (unless stated otherwise). We consider
Ms = My = 2 and Mg = M = 1 for obtaining the
results under xed and adaptive values pf respectively.

The xed value ofy is set as 0.75. Further, we_set= 4,

b = Lep =dgy =1, o = Lcdzdfd =1
and 4 = ¢ = as SNR. We set satellite links parame-
ters [41] asT = 300 K, W = 15 MHz,c = 3x 10° m/s,

a= s= 5345dB,f, = 2 GHz, d = ds = 35,786 Km,

OP of satellite network versus SNR for Case 1.

10°8

Y.
2

S

Outage Probabilit

i= ¢ =48dB, { =08, i3gg= 03, s=0.6, O T i, S

and @gg = 0.2 wherei { c,d}. We further consider S e

the SR fading parameters of satellite lilkS Cy for INT O N Sv L LU R N

and NINT as fac, ac, ac =5,0.251,0.279 [34] (for light T KRy 0"

shadowing) and niac, ac, ac = 1.950.063 0.0005 [49]
(for heavy shadowing), respectively. The respective INFig-3. OP of satellite network versus SNR for Case 2.
and NINT SR fading parameters of interfering ETSs are
(ms, s, s = 1,0.0630.0005 [34] and fns, s, s =
0.95,0.063 0.0005 [49] for heavy shadowing. Due to a largeunder Case 1. Unlike Scenario 1, in Scenario 2, the acceptable
number of combinations of system parameters, we have settightness can be achieved by truncating the in nite series to
aforementioned shadowing parameters for main and interferib@ terms only. Thus, our proposed solution for Scenario 2 is
links to comply with the space limitations. However, one caguite ef cient. Different from Fig. 2, in Fig. 3, the achiev-
straightforwardly evaluate the system performance for othable diversity order oK and Kmygy, is attested fomg, > 1
shadowing parameters. We further set= L = dtS =0.1 andmg, < 1, respectively. It is apparent from the slope of
for interfering TSs. The powers of interfering ETSs and TSaurves with different values afngy, for xed K, i.e., 1 or 2.
are set asg = = 1 dB. The Nakagamin fading param- More importantly, it is observed that as the SNR increases,
eters corresponding to interfering TSs are sgt = 2 and the OP becomes independent of SR fading parameters when
m¢ = 1.77 for Cases 1 and 2, respectively. Further, we sétcp < 1. Here, both Scenarios 3 and 4 have in nite series
s= = 1dB. Moreover, we consider the relevant Scenari@lutions which converge with 20 terms.
1, 2, 3 and 4 as described in Table I. In Figs. 4 and 5, we plot the OP curves of |oT network
In Figs. 2 and 3, we plot the OP curves of satellite netwoffier Cases 1 and 2, respectively. Likewise, in Figs. 4 and 5,
for Cases 1 and 2, respectively. Further, in Fig. 2, the resulte plot the curves corresponding to Scenarios 1 and 2 and
correspond to the Scenarios 1 and 2. Whereas, in Fig. 3, eenarios 3 and 4, respectively. Clearly, for given values of
curves are obtained for Scenarios 3 and 4. We can clearlyy t andy, we can observe that the lower bound analytical
observe that for given values of parameters ¢ and u, OP curves are well-aligned with the simulation results. It is
our analytical lower bound OP curves are in close proximigpplicable for both Cases 1 and 2 in respective Figs. 4 and 5.
to the exact simulation results. Also, the effectiveness of oGpeci cally, in Fig. 4, we set s =1 and 0.3 corresponding
theoretical analysis can be observed for the Cases 1 and 2adrconditions s ui and s < ui as per Theorem 3. Here,
Figs. 2 and 3, respectively. Furthermore, the asymptotic curwgken K changes from 1 and 2 witfimq,, meg} = {1, 1}
at high SNR are well-aligned with the analytical and simulaand {2, 2}, the slope of various OP curves reveal the diver-
tion results. Speci cally, in Fig. 2, img, changes from 1 to 2 sity order of min(K, mgq) for 10T network under Case 1.
keeping theK xed, the slope of OP curves remain unchangedderein, in Scenario 2, it takes 20 terms for series convergence
However, whenK changes from 1 to 2 irrespective of theto achieve acceptable tightness of results. However, in Fig. 5,
value of parametem.y,, the slope of the OP curves increaseswo different diversity orders are observed for 10T network,
Thus, a diversity order ok is achievable for satellite networki.e.,min(K , mgg) for mg, > 1 andmin(mep(K S1)+1, meg)
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for m., < 1 under Case 2. Note that the achievable diversity
orders depend upon the combination of multiple parameters.
For instance, when (K = 2, mg, = 1.77,m.q = 1.77), the
achievable diversity order is fractional, i.e., 1.77 and when
(K =2,m¢, = 0.6, mgg = 1.77), it changes to 1.6. Another
important observation is that as SNR increases, the OP of IoT
network becomes independent of SR fading parameters for
mep < 1. Further, for the convergence of infinite series under
Scenario 3 and 4, there is a requirement of 200 and 30 terms
at SNRs 0dB and 10 dB, respectively. Thus, at high SNR,
the number of terms required for series convergence is sig-
nificantly lesser. Moreover, the performance of IoT network
has dependence on the fading of C}, — B link necessary for
primary satellite communications.

In Figs. 6 and 7, we plot the OP curves of the IoT network
for Cases 1 and 2, respectively, under adaptive . (please refer to
Section VI). For this, we set My = M; = 1 and outage threshold
as 10%,1i.e.,e = 0.1.Note that, hereby, the OP of the [oT network
remains unity up to certain SNR level until the primary QoS
constraint is not satisfied, i.e., ~§ﬁ§ (Rp) < e. Up to the range
of this SNR, both the satellite and IoT are jointly experiencing
the signal outage since the required QoS constraint is not met.
However, beyond this SNR level, the OP of IoT network improves
remarkably with adaptive p. We further comment that this
behavior applies to Scenarios 1 and 2 in Fig. 6 as well as to
Scenarios 3 and 4 in Fig. 7. Furthermore, although not shown
explicitly, the value of i was found to approach its minimum
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N 1071 4
£
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<
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& 102 E
L
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o
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Fig. 6. OP of IoT network versus SNR for Case 1.
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Fig. 7. OP of IoT network versus SNR for Case 2.

possible value, i.e., 0.5, as SNR increases. As a result, IoT
network gets a higher fraction of its available power for secondary
communication. Consequently, the outage performance of IoT
network improves by simultaneously protecting the QoS of
satellite network.

InFig. 8, we investigate the cell coverage for IoT network. The
cell coverage refers to the maximum distance of [oT receiver Dy«
from IoT transmitter C},« at which the received signal strength is
above a predefined SNR with probability 1 —P19T (Rg). For this,
we adopt a two-dimensional terrestrial topology (z,y) where
the locations of C« and B are (0, 0) and (d,, 0), respectively.
Let us invoke the path-loss model as ., = dcb’4 =11
and Q.5 = d~* with d as the distance around the origin for
placement of node Djy«. For given 755‘1{{(725), on substituting
these models into asymptotic OP expressions in (50) and (65),
the high-SNR cell coverage (d) can be analytically determined
for Cases 1 and 2, respectively, at high SNR. In Fig. 8, we plot
the coverage area of IoT network for both fixed and adaptive
1 with the help of (50) (for Case 1). The ‘4’ markers in these
figures represent the simulation results at all locations where
PlT(Rg) < 0.1. We set K = 2, My = 1, My = 2, and
Mep = Meg = 1, SNR = 20 dB. In Fig. 8(a), we fix p = 0.75.
It is observed that there is an increase in coverage d = 1.348 in
Fig. 8(b) under adaptive power-splitting factor ;1 (as compared
tod = 1.148 in Fig. 8(a) under fixed p) as it provides more power
(i.e., (1—p) P.) for the secondary IoT network communications.
Here, the adaptively found w value for Fig. 8(b) is 0.541 at SNR
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Fig. 8. Coverage of IoT network with fixed and adaptive

of 20 dB. For comparison with the benchmark no interference
scenario, we plot the coverage area of IoT network in Fig. 8(c)
and Fig. 8(d) for fixed and adaptive values of p, respectively. We
plot these coverage curves based on the analytical framework
given in [25] for no interference scenario by setting underlying
parameters to same as in Fig. 8(a) and 8(b). It is clear in Fig. 8(c)
that the achievable coverage d = 1.254 with no interference
is larger than that in Fig. 8(a) with interference. Likewise, the
larger coverage of d = 1.466 results in Fig. 8(d) with adaptive
1 under no interference as compared to that in Fig. 8(b) with
interference. Hence, we can conclude that the interference has a
deleterious effect on the coverage performance of IoT network.
Although not shown explicitly, the similar observations can be
made for Case 2 employing (65).

VIII. CONCLUSION

In this article, we have analyzed the OP of an OSTN where a
selected secondary IoT network assists primary satellite com-
munications in the presence of hybrid interference from ETSs
and TSs. We presented a unified framework for INT/NINT
Nakagami-m parameter of SR fading related to main satel-
lite and interfering ETSs links. In addition, we considered both
INT/NINT Nakagami-m fading scenario for main terrestrial and
interfering TSs. We derived tight lower bound OP expressions
for both satellite and IoT networks under two Cases 1 and 2
which characterize all four scenarios described in Table 1. We
further derived asymptotic OP expressions for these networks to
find their achievable diversity orders. We have also formulated
an adaptive scheme for power-splitting factor that improves the
OP of IoT networks while guaranteeing certain QoS of satellite
network. In general, we found that in the presence of hybrid
interference, the achievable diversity orders of these networks
are different under the Cases 1 and 2. The diversity orders of
these networks depend upon the choice of INT/NINT combi-
nation of parameters for both SR and Nakagami-m fading. We
found that even when the diversity orders of the satellite and
IoT networks become zero, the coding gain can be harnessed
for enhancing their performance. Nevertheless, our OP anal-
ysis of the considered OSTN for general INT/NINT SR and

Nakagami-m parameters has laid useful guidelines for future
deployments.
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