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Cooperative Satellite-Aerial-Terrestrial Systems: A
Stochastic Geometry Model
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Member, IEEE, Haoxing Zhang, Yunfei Chen, Senior Member, IEEE, and Mohamed-Slim Alouini, Fellow, IEEE

Abstract—Nowadays, satellite and aerial platforms are playing
an important role in realizing global seamless wireless coverage.
In this paper, a cooperative satellite-aerial-terrestrial network
(SATN) is considered, in which two Kkinds of relaying links,
satellite and aerial relaying links, are used to assist a group
of aerial terminals to forward their information to a remote
terrestrial destination (D). Specifically, we model these aerial
platforms sharing the same frequency band as a Matérn hard-
core point process type-II. Also, a group of aerial jammers at
D’s side is modeled as a Poisson point process. To demonstrate
the end-to-end (e2e) performance of the two relaying links, the
statistical characteristics of the received signal-to-interference are
characterized and then a closed-form expression for the outage
probability (OP) over the uplink from the aerial source to the
satellite/the aerial relay, the downlink from the satellite/the aerial
relay to D, and the inter-aerial relay link are derived. Numerical
results are presented to verify the proposed analysis models and
compare the outage performance of the considered cooperative
SATN with the two relay links under numerous scenarios.

Index Terms—Matérn hard-core point process, outage proba-
bility, satellite-aerial-terrestrial communication, stochastic geom-
etry

I. INTRODUCTION

Owing to the recent advancement of materials and man-
ufacturing technologies in the electronics industry, satellites
and aerial platforms have been deployed to serve as space and
aerial relays or base stations (BS) to provide global seamless
coverage. For example, thousands of low orbit satellites have
already been launched into space by SpaceX to provide
satellite Internet access to most of the Earth. On the other hand,
in the stratosphere, high-altitude platforms, usually unmanned
airships or airplanes positioned above 20 km, and low-altitude
platforms, like unmanned aerial vehicles (UAVs) operating
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100s to 1000s meters, have already been deployed for commer-
cial, emergency, and military applications. However, compared
with traditional ground BSs with uninterruptible power supply,
satellites and aerial platforms suffer from limited power budget
and hardware resources [1]-[3].

Due to the unique characteristics of satellite/aerial-terrestrial
and satellite-aerial communication systems, e.g., system com-
plexity, rapid variability, and large-scale operation space,
it is crucial but challenging to optimally allocate system
resources for optimal system performance, e.g., energy ef-
ficiency/power consumption, coverage, capacity/throughput,
etc. For instance, recent works aim to maximize the energy
efficiency/the power consumption for satellite-aerial-terrestrial
networks (SATNs)/satellite-terrestrial systems [4]-[9]. Other
researchers paid their attention to improving the transmission
rate/the through for SATNs/satellite-terrestrial systems [10]—
[12] or to achieving other optimal performance indices for
SATN/satellite-terrestrial systems [13]-[17].

In practice, except from optimizing the performance of
SATNs/satellite-aerial/terrestrial systems, it is also vital to
thoroughly understand how such systems operate, what kinds
of system factors can affect their performance, and the prin-
ciples that these system factors influence the performance.
Therefore, some other researchers engaged in modeling and
analyzing the performance of SATNs/satellite-aerial/terrestrial
systems to uncover their operation principles in numerous
working scenarios.

As the most popular system architecture for the applications
of communication satellites, satellite-aerial/terrestrial commu-
nications have gained considerable attention from researchers
[18]-[27]. However, sometimes, the terrestrial terminals may
not be able to catch the signal transmitted by the satellite
over such a long-distance space-to-ground link, due to the
unavailability of line-of-sight (LoS) transmissions between
the satellite and the terrestrial receivers coming from the
deep fading or shadowing. Moreover, increasing the transmit
power at the satellite/ground-user will not be able to get
out of this trouble. Intuitively, to effectively work out such
problems, introducing relays to bridge an alternative way
for the information transmissions between the satellite and
terrestrial terminals will be the first but best choice.

Generally, there are two kinds of relays that have been
brought to satellite communication systems: terrestrial and
aerial relays. By integrating terrestrial relay, conventional
satellite communication systems evolve into hybrid satellite-
terrestrial relay networks (HSTRN), which have been exten-
sively investigated. Authors of [28] derived a closed-form an-



alytical expression of the b-th moments of the complementary
cumulative distribution functions of signal-to-interference-to-
noise ratio (SINR) for the satellite-to-relay link and relay-to-
user link in an integrated low earth orbit (LEO) decode-and-
forward (DF) millimeter-wave HSTRN. The average symbol
error rate performance in a multiuser HSTRN with oppor-
tunistic scheduling was studied in [29]. In [30], the authors
investigated the outage performance of a multi-relay multiuser
HSTRN operating at millimeter-wave bands, while consid-
ering that the dominant fading factor of the mmWave band
is rain attenuation. In [31], the bit error rate and spectral
efficiency were analyzed for a multi-relay broadcast HSTRN
by considering the joint impact of carrier frequency offset and
phase noise. Authors of [32] derived novel and exact outage
probability (OP), symbol error probability, and achievable rate
expressions for a two-way HSTRN over generalized fading
channels. In [33], the outage performance of non-orthogonal
multiple access (NOMA)-based HSTRN was analyzed.

On the other hand, due to the flexibility of deployments,
aerial relays, e.g., high and low altitude platforms including
drones, air-crafts, and airships, have also been introduced
into satellite-terrestrial communication scenarios to increase
the probability of LoS propagation and further improve the
transmission performance of satellite-terrestrial communica-
tion systems. Then, SATNs emerged as the most promising
network configuration of satellite communications and are
becoming a hot topic in the satellite communication area.
However, the system complexity of SATNs is more com-
plicated than that of traditional satellite-terrestrial systems,
resulting in the fact that depth and extensive research is
urgently required. So far, some related works have already
been proposed to study the outage, capacity, symbol error,
and secrecy performance of SATNs [34]-[39].

Observing these aforementioned studies, one can find that
only the transmission over downlink or uplink has been inves-
tigated and the end-to-end (e2e) transmission performance has
not been uncovered yet. As everyone knows, satellites normal-
ly serve as space relays for two remote ground communication
partners. So, one sees that the study of the e2e transmission
performance for the whole satellite communication system still
keeps blank and remains to be understood.

Moreover, it is also easy to find that, till now, only
very few works [4], [18]-[20], [25], [26], [34], [36] have
studied the impacts of the randomness of the distribution-
s of space/aerial/terrestrial terminals on the overall perfor-
mance of these targeted systems. However, the positions
of space/aerial/terrestrial terminals in SATNs exhibit strong
randomness in such large-scale operation space, causing the
strong randomness of the transmission distance among these
terminals. Therefore, the path-loss experienced by the trans-
mitted signal in SATNs also shows strong randomness.

Furthermore, none of these aforementioned works have s-
tudied the performance of satellite/aerial-terrestrial or satellite-
aerial communication systems in presence of spatially multi-
user interference (MUI)/co-channel interference, which can
readily reflect the adverse characteristics of the practical large-
scale three-dimensional operation space, though inter-user
interference under NOMA scheme has been considered at the

satellite in [23].

Inspired by such observations, this work considers a cooper-
ative satellite-aerial-terrestrial communication (SATN) system,
in which there are two relaying links to assist a group of aerial
terminals to transmit their information to a remote terrestrial
destination (D). Specifically, these aerial information sources
are modeled by adopting the Matérn hard-core point process
type-II to mimic and address the random properties of the
deployment of practical aerial platforms. It is also assumed
that these aerial sources access the satellite or the aerial relay
while sharing the same frequency band. For example, code-
division multiple access (CDMA) scheme is employed at the
satellite/aerial relay due to the ability of frequency reuse,
the flexibility in traffic management, and the orbit/spectrum
resources. Then, the impacts of MUI have been considered
over the uplink from aerial sources to the satellite/aerial relay'.
Moreover, to address the harshness of wireless communi-
cation, a group of aerial jammers, which is modeled as a
Poisson point process (PPP), are taken into consideration at
D’s side. The main contributions of this work are summarized
as follows.

1. The statistical characteristics of the received signal-to-
interference (SIR) over the aerial source-satellite/aerial relay
uplink have been characterized by deriving the closed-form
analytical expressions for the probability density function
(PDF) and the cumulative distribution function (CDF) of SIR,
while considering aerial sources accessing the satellite/the
aerial relay via the same frequency channel, simultaneously.

2. The statistical characteristics of the received SIR over the
satellite/aerial relay-D downlink have been characterized and
the closed-form analytical expressions for the PDF and CDF
of the SIR are presented, while considering hostile interfering
scenarios.

3. The closed-form analytical expressions for the OP over
the uplink from the aerial source to the satellite/aerial relay,
the downlink from the satellite/aerial relay to D, and the
inter-aerial relay link among the aerial relays are respectively
derived. Then, the e2e OP for the two considered relay links
is also achieved.

4. The outage performance of the considered cooperative
SATN system with the two relay link under numerous scenar-
ios are compared via numerical results, and further meaningful
insights are concluded accordingly.

The remainder of this work is structured as follows. In
Section II, the considered system model is presented. Outage
analysis of the uplink and the downlink is presented in
Sections III and IV, respectively. In Section V, the OP of
the inter-aerial relaying link and the e2e OP are evaluated.
The proposed analytical models are verified by Monte-Carlo
simulations in Section VI. Finally, the paper is concluded with
some meaningful insights in Section VII.

I Actually, it is very common that MUI exists in practical wireless
communication systems, e.g., MUI always exists in practical CMDA systems
which arises from the imperfect orthogonality existing among CDMA users or
comes from the imperfect synchronization existing in time-division multiple
access systems in which the users share the same frequency channel.
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II. SYSTEM MODEL

In this work, we consider a cooperative SATN, which
includes a satellite (S), a number of aerial relays (R,,, n € Z™*,
n€[l,---,N], N > 1), a group of aerial transmitters (A,,,
meZt,mell,---,M], eg, UAVs, and M > 1), and a
destination (D)?, as shown in Fig. 1. The aerial transmitters,
e.g., UAVs, aim to transmit their information to a remote
terrestrial destination DD. However, as the distances between
A,, and D are quite large, the direct links from the transmitters
to the terrestrial receiver are unavailable. Therefore, satellite
communications are exploited as a solution to aid the targeted
remote wireless transmission.

Additionally, there is an alternative relaying link via a series
of aerial relays R,, to link the aerial transmitters and D. The NV
aerial relays are ordered from one to N to perform cooperative
transmission with N 41 hops®. Therefore, the received signals
at D can be enhanced to achieve enlarged performance. We
split our system into a downlink, an uplink, and inter-aerial
relaying links*, shown in Fig. 2.

A. The Uplink

For the uplink, we consider two types of channels, i.e., the
channels between the aerial transmitters and aerial relays and
the channels between aerial transmitters and the satellite.

2 In this work, we consider two types of relaying links to assist the
aerial source nodes and the terrestrial destination for comparison purpose.
Because both of them are possible solutions in reality to bridge the source
and destination nodes which are far from each other and the two kinds of
relaying links show advantages and disadvantages in transmission performance
(e.g., power consumption and transmission delay) due to their transmission
characteristics [21].

3 The received signal at the other aerial relays except for the first one will
not suffer MUI which exists at the first one, as the aerial relays will transmit
the information of different users on orthogonal resources, e.g., time slots, to
improve the transmission quality.

4 Here, the effect of Doppler shifts at the receiver has been ignored to make
the analysis more concise, as it has been well studied and is out of the main
focus of our work.
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Ilustration of the cooperative SATN system: a) The cooperative communications with the aid of a series of aerial relays and a satellite; and b)

1) Multi-Access Mechanism at S/R,: As there are a group
of aerial transmitters trying to deliver their information to D
via the help of S/R;, the multi-access mechanism adopted at
S/R; is a key factor affecting the transmission performance
of the uplink.

In this work, we assume that these aerial transmitters share
the same frequency by using CDMA. In this case, the received
signal at S/R; will suffer from the MUI arising from other
aerial transmitters, which will be discussed in the following
analysis.

2) Deployment of Aerial Transmitters: In this work, we
exploit the Matérn hard-core point process (MHCPP) type-II
to mimic and reflect the random deployment of practical aerial
scenarios for the aerial transmitters’. As considered, the aerial
transmitters are randomly deployed in the ball space, denoted
as V. Each candidate point has a minimum distance Dyip
to maintain aviation safety. Before presenting the detailed
distributions for the candidate points, we introduce the concept
of the MHCPP type-II first as follows.

We define that the locations of the candidate points have a
density A4 and each candidate point has the minimum distance
Dyin- Then, we present the processes to build up a MHCPP,
denoted as ® 4, within three steps.

e In the first step, we follows the homogeneous Poisson
point processes (HPPP) to initially generate the candi-
date points. Hence, the candidate points are randomly
chosen from the space V with the density Ap. If we
denote the number of the candidate points as Np, the
probability mass function of the Poisson distribution
with a mean A\pV, when the number of the candidate
points equals to s, can be expressed as Pr{Np = s} =
% exp (—ApV'), where V is the volume of space V.

o In the second step, we generate an independent mark for
each candidate point. The value of the marks is chosen
based on a uniform distribution with a range from [0, 1].

5 The MHCPP is adopted here is to accurately reflect and model the
practical deployment of aerial terminals, as the aerial terminals cannot be
too close to each other to promise their safety or to hold their own serving
space.
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o In the final step, we only choose the point with the
smallest mark within a small space with the distance
Din, while the others are eliminated. More specifically
for a certain point K, we choose K as the center of a
small spherical repulsion space with the radius Dy,j,. If
there are other candidate points in the spherical repulsion
space, we compare the mark value from one to another.
We only keep the point with the smallest mark in each
spherical repulsion space. Then, we move to another
candidate point to do the same processes until each
spherical repulsion space has only one point. Based on

this process, we have the relationship of densities, i.e., A4
1—exp(— %ﬂ'Dgﬁn)\P)
%ﬂ'D3

min

and A\ p, which is expressed as A4 =

3) Channel Fading: Though LoS propagation plays a lead-
ing role over air-to-air/space links, the path impairments in the
aeronautical mobile-satellite communications include surface
reflection (multi-path) effects [45]. Thus, without loss of
generality and facilitating the following analysis, we assume
that all uplink channels suffer independent and identically dis-
tributed (i.i.d.) Nakagami-m fading, which covers the statistical
characteristics of LoS propagation. Hence, the expressions of
the PDF and CDF are presented as

f|h,4mx|2 (z) = (n;)mn%exp (—%m) (1)

and

mp—1 my,—1—1 My —i—1
Funnt @ =1- 3 (§)" sy
=
X exp (—%x) , (2)

respectively, where X € {S, Ry} to present the satellite and
the first aerial relay, respectively, |h4,, x| is the channel gain
of the channel from the aerial transmitter A,, to the relay or
the satellite, X, and m,, and €2 is the parameters of Nakagami-
m fading channels.

Aenal
Transmitter
‘ The 1%
Zmd Aerial
Relay
The N®

_,\g; Aerial
Relay

@ Destination

Jammer

Illustration of the cooperative SATN system: a) The uplink channels from the aerial sources to the satellite/the aerial relays; b) The downlink channels
from the satellite/ the aerial relays to the terrestrial destination; and c) Notions.

4) Signal Model: We consider a practical satellite-aerial-
terrestrial scenario where the aerial transmitters suffer the
interference from each other. Hence, the SINR for an aerial
transmitter A,,, to X € {S, Ry} can be expressed as

Pa, |ha, x"d3%

VA X = o
2 —ax
o? + Z Py, |hAkX| dAkX
k=1&k#m
2 —ax
Paglha, x[dal
- , 3)
21—«
> Palha,x|"dy¥
k=1&k#m
where P4, is the transmit power at A,,, da,, x is the distance

from A,, to the relay or the satellite X, ax is the path loss
exponent for the channel to the relay or the satellite, and o2
is the strength of additive white Gaussian noise (AWGN).

B. The Downlink

In this work, we assume that we exploit the decode-and-
forward (DF) relay scheme to process and transmit the signals.
Over the downlink, the signals from the aerial transmitters
have been decoded and re-transmitted by the satellite or the
aerial relays. At the terrestrial destination, we consider that
there are a group of near-ground aerial jammers, denoted as
I; with j € Z* and j € [1,---,J] (J > 1), interfering the
signals transmitted from the satellite or the aerial relay.

1) Deployment of Aerial Jammers: We consider that these
aerial jammers follow a PPP°, which are uniformly distribut-

6 Here, for the downlink, the interference may not only come from the
hostile neighboring terminals distributed in the considered space but also
be the ones which are non-hostile and do not locate in the considered
interfering space. For the later ones, the interferer may be far away from
the receiver, but we can cast it into the considered hemisphere region by
varying the transmission power. In this way, the interferer may be coincide
in the hemisphere. Thus, the aerial jammers are modeled with normal PPP
without restriction on the inter-node distance to reflect the worst case possibly
existing in the practice



ed in a hemisphere, V;,, whose bottom is on the ground
with the radius R; and the original, D. The number of the
aerial jammers is Poisson distributed with density Aj, i.e.,
k 2n Ry .
Pr{N =k} = (uy, /k!) exp (—pv, ), where py, = N is
the mean measure.
Define the distance from a jammer I; to the center of the
hemisphere, D, as dj,. The PDF of d;, is expressed as

0, z <0
far, ()= %%, 0<a<R; - @)
0, x> Ry

2) Channel Fading: For the S — D and Ry — D links,
we consider the Shadowed-Rician model, which has been
widely utilized by the researches in satellite/aerial-terrestrial
communication area. We denote the channel gains between S
and D, and Ry and D as |h;p|* (i € {S, Rx}), thus the PDF
of |hiD|2 is expressed as [41]

f|h7-,D|2 (z) = xexp (—fz) 1 F1 (my; 15 6z) 5)

where y = (225 )" /(20), B = . 6 = 5@t ©
and 2b are the average power for the line of sight component
and the multi-path component, respectively, m,, is the fading
parameters based on the Nakagami-m fading channels, and
1F1 (+;+;+) is the confluent hypergeometric function of the first
kind’.

Moreover, for the jamming links between the aerial jammers
and D, without loss of generality, it is also assumed that all
jamming channels suffer i.i.d. Nakagami-m fading to facilitate
the following analysis since LoS propagation always plays a
key role in aerial-to-ground transmission scenarios.

3) Signal Model: For the S — D and Ry — D links, the
SINR of |h;p|? (i € {S, Rn}) is

Ps|hip|*d;5*

Ps|hip|*d;5°

Y Pi|hip|?d; s
]; jlhip|dy,

, (6)

YiD = —3
. 5 _
21Pj|th| dljas—f—O'Q
J:

where P; is the transmit power at 4, P; is the transmit power
at the jth aerial jammer, d;p is the distance between ¢ and D,
and «g is the path-loss exponent.

C. Inter-Aerial Relaying Links

1) Channel Fading: In this work, it is assumed that all
inter-aerial relaying links suffer Nakagami-m fading channels,
which covers typical LoS propagation scenarios. Hence, the
expressions of PDF and the CDF of the channel power gain
between the nth (n =1,--- ;N — 1) and the (n + 1)th aerial
relays, 2, are presented as

hRn Rn+1

My, )mn Mn -1

ey () = (ﬁ (o — 1)1 P (—%x) (7)

7 The altitude dependent shadowing can be analysed by converting the
fading parameters. Here, the effect of elevation angle on the Shadowed-Rician
model has been ignored for simplification purpose, which have been well
studied and is out of the main focus of our work.

2) Signal Model: Next, we present the SNR over the link
between the nth (n = 1,---,N — 1) and the (n + 1)th
2

_ Pry|hrar, ]
ntl T TRy
. Ity . .
transmit power at the nth aerial relay, dr,, r,_, is the distance

between the nth and the (n + 1)th aerial relays, and ag, is
the path-loss exponent.

aerial relays as Yr, R where Pp_ is the

b
o2

III. OUTAGE ANALYSIS OF THE UPLINK

For simplification, assume that all the aerial transmitters
except the target transmitter share the same transmit power
with P4, = P4, and denote m; = m,, —i — 1.

Lemma 1. The OP for the received signal at X (X €
{S, R1}), which is transmitted by the mth aerial transmitter,
can be derived as

mp—1
et (- ™ {exp (1)}
pAmX 1 _ ( E m; ’
out ; (mz)| dAmX s d3m7¢
®)
M )
where I = > lhaxTdyk and s =
k=1&k#m
mnd(j‘i{nx'}’out PAu
N P4, Q2 :
Proof: Please refer to Appendix A. _ [ ]
To obtain a closed-form expression for (8), w
should be calculated. Thus, we need to first derive
Ey {exp (sI)}.
Lemma 2. E; {exp (sI)} can be expressed as
Er{exp (sI)} = exp [AaVi(D2 — 1)}, 9)
where V; = %;(Rf)’4 — D3.) and D, =
. iy \™
da, x ma d;jiﬁ—l .
Proof: Please refer to Appendix B [ ]

Lemma 3. The OP is

my,—1 o m
- 1 mnd X ou P w ‘
P =1= ) fooiBaax < A A’)
i=0 (mg)! Pa, Q2

myg
x exp[AaVi(Da = D] (14 1{m; >0} > B,

k=1
x (MDY, A } (10)
where 1{-} is the indicator function and Dék) (k
0,1, ..., m;) is
k
+k—1)! Q
D(k:) :(mn E
2 (my, — 1)! dapx mndjfx
Mmn+k
dsx
x P (1D
d5 + Dnpgee s

Proof: Please refer to Appendix C. [ ]



A. Uplink With the Satellite

When the aerial transmitters communicate with the satellite,
we assume that all the aerial transmitters have the same
transmission distance dps®. By substituting d4,,x = dos
and d4, x = dog into (10), we can get the OP of the uplink
from the aerial transmitter cluster to the satellite as

My —1 m;
= 1 MpdesYout Pa :
POS -1 — § n>os rou u

14 1{m; > 0} Z Bon,
k=1

x exp [AaVi(Dg — 1)]

12)

(AAV1 AW D“’“*’““))} :

p¥ & = o01,.., D =

A ma+k
(Mma+k—1)! ( Q ) 1
(mp—1)! mndpd 1+ WO;ZPAH ’

m

where m;) is

B. Uplink with the Aerial Relay

In this case, we suppose the transmitter is located in the
center of the aerial transmitter cluster and the distance from
the cluster center to the aerial relay is a constant, namely,

da,,r, = dor,-
To get Dék), we should derive the PDF of d4, R, .

Lemma 4. The PDF of d% g, is
(3?) — W[Ri — T(:C)Q]
2Vidor,

where T(x) = max{Dmin, |f dor, |} and d¢ . = (dor, —
Ra)? <z < (dop, + Ra)*=d!

max*

fa2

AR Rq

; 13)

Proof: Please refer to Appendlx D. ]

d, out P
Then, by denoting A = M D(k) in (45) can be
achieved as (14) shown on the top "of next page.
When 7'( ) = Dppnin which means Dy, > |v/Z—dor, |, we

can get dmln - (dORl Dmln) < T < (dORl + Dmin)2 -
d%m and R2 - T( ) R2 - mm

When 7(z) = |\/r —dog, | which indicates |\/z —dog, | >
Diins thus (dogr, — Ra)? < < (dor, — Dwin)*, (dor, +

Dmm)2 <z < (dor, + Ra)? and R% — 7(z)?> = R% —
dOR1 T+ 2dor, NG
By using [42, Eq. (3.194D1], D&  can
be obtained as (15) shown on the top of
_ 2
next page, where F(a,b,c k) = nTaan,
(mnta)ap, Ry

2 2F1<mn+k,mn+a;mn+a—|—1;—b c
Ry

2 F m7L+kam7L+a;mn+a+1§_c/f

(mnta)ap,

and the detailed derivation of (15) is given in Appendix E.
Substituting (15) and d4,, x = dor, into (10), we can get
the OP over the uplink from the aerial transmitter to the first

8This assumption is reasonable since the distance to the satellite (normally
on the order of hundreds/thousands of km) is quite larger than that to each
other (normally on the order of km to tens of km).

aerial relay as

PORI -1 _ mnz_l 1 mndg)]%l’)’outPAu i
D ) Pa O

x exp [AaVi(Da = 1)] |1+ 1{m; >0} Y B,k

k=1

X (AAleg”,...,,\Aleg’”i‘k“))} . (16)

Interestingly, comparing (12) and (16), we can find that the
closed-form analytical expression for the OP over the uplink
from the aerial transmitter to the satellite is similar to that
for the OP over the uplink from the aerial transmitter to the
aerial relay. Thus, in Section VI, we will study the outage
performance of the uplink by merging these two cases into
one for simplicity.

C. Asymptotic Outage Performance of the Uplink

In this part, we will present the asymptotic analysis of the
outage performance of the uplink of the considered system.
In the following, we derive the approximate expressions
assuming A\ = % — 00.

Adopting the series representations of the exponential func-

mnpx )"L

o0 ( mnpT
tion, exp (f%) = 0,
terms while ignoringnt_he higher order term, the asymptotic
CDF of Alhy,, X|2 can be obtained as

and keeping the first two

my,—1

o My, my—i—1 wmnfifl
Flha <2 @) =1 - ; (ﬁ) (my, —i—1)!
My T
1— ) . 17
x ( ) (17

Lemma 5. The asymptotic outage probability can be present-
ed as

My, —1 ( )ml

-1 . v
Pha=1->_ ol {Eaa,,x {s™Er {I"™}
i=0
By, (™ EAT™ Y (18)
where
e Q)M
E] {I} = Z m exp (—)\AV1)
M=0
my—1 . ;
n My My —i—1 M=
1— n -
X{ ZO(Q) (mn —i— 1)
My
X exp (fﬁx)}E%X {d3°% (19)
and
mndix ’YoutPAu
Ed, x {5} =Ea, « { ]”;jn a } . Q0)
Proof: Please refer to Appendix F. [ ]

When the aerial transmitters communicate with the satellite,
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Thus, P57, can be rewritten as

S S m
Poutzli ZO (mz)' {5 1{]EI {I}}

s HE T (22)

When the aerial transmitters communicate with the aerial
relay, we can obtain Eg, . {d,°X} as (23) shown on the
next page.

Thus, we can obtain the asymptotic OP over the uplink from
the aerial transmitter to the satellite by substituting (23) into

(18).

IV. OUTAGE ANALYSIS OF THE DOWNLINK

Similar to Section III, the OP of the downlink depicted in
Fig. 2(b) can be given as

P;Et =Pr {'YiD S Vout}

Pi|hip|*d;5*

~ Pr
7 2 o
Zlelthl dr,
j:

S ’Yout 9 'L S {S, RN}

(24)

Moreover, as the focus of this section is to investigate the
impacts of these spatial distribution aerial jammers on the
outage performance of the downlink, here we also assume
that the distance between the satellite/the last aerial relay and
D is fixed for the feasibility of the analysis. Namely, d;p
(z € {S, Ry }) is with a given value. Thus, we can rewrite the
previous equation as

. VA dss
Polft —PI‘{Y S ;)Vout}v

2 J 2 ,—
,andY: ZPj|th| dllas.
=1 !

(25)

where ¢ € {S, Ry}, Z = |hip

Recalling (5) and using the Kummer’s transform of the
hypergeometric function, we easily rewrite the PDF of |h; D\Q

myp—1
as fippp () = kX_:O U (k)2 exp (— (8 — 6) x), where

U (k) = oF (&?))Qk"x(l —my), and (-), is the Pochhammer
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symbol. Then, the CDF of |h;p|* can be presented as

my,—1

Fp@) =Y v (k:)/ the=(B=0tqy
k=0 0
my,—1
n Q (k)
= —— g1 (k+ 1L, (B-0)z). (26)
= (80"
Further, using (25) and (26) and denote
K= ’Y‘””iilD (8 —§), we can be obtain
P;gt =Pr {71D < Vout}
my,—1
- \Ij (k) ( Voutd(‘lbg
= ————y|k+1],—]*=(-0)Y
my,—1
n W (k)
=y W1 ey, 27)
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As shown in [43], v(k+1,x) <
T(k+1)(1—exp(=C2)™™ ¢ = (D(k+2)7 7

Then, P:L, can be approximated as
iD= V()T (k+1

Pyl ~ Z L]ﬁ_l)(l — exp (—¢kY)"H!

im  (B-9)

My — k+1
v (k) kE+1
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Furthermore, considering the randomness of Y, we can

obtain
) mnfl\pkrk 1k+1 k41
e 8 e 5 () corslestam)
mn—l k‘ i k41 L t
- ,; M;( Jtr1>(—1) Ly (Crt), (29)

where %y (s) is the Laplace transform of random variable Y.

Lemma 6. Considering that all jamming channels be-
tween the aerial jammers and the terrestrial receiver,
D, suffer i.i.d. Nakagmi—m fading, namely, f\th|2 (x)
(’?)")m"(fnmi";),exp( 23), Ly (Ckt) can be calculated
as

Py (Ckt) =exp (—WR])\[ zV: /1= Bwv?
X (1 — (%) (% + CKtPju;

Rr(t;+1 i —
%, t; = cos (3 n), and w; = .

Proof: Please refer to Appendix G.

")

(30)

where v; =

Therefore, the OP over the downlink can be achieved via
inserting (30) into (29).
Adopting the series representations of the exponential func-

tion, exp (—5 ;5") .S -

x
B Adn
n!

, and keeping the first

n=0
two terms while ignoring the higher order term, the asymptotic

)



CDF and PDF of Ay, = P;|h; D\Q can be expressed as
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J 2
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Ey Y} =Epp12.a,, Z dejs
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J 2
 P;lhip
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I
J
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where

my -1 Pj
=|l—=) —w————0[(m,+1),
() a7 (my — 1)) (mn +1) (35)
and R? is the 3D distribution space for these aerial jammers
presented in Fig. 2(b).

Then, Ey {Y'} can be finally derived as

J
Ey {Y}=> |\ / I, (dy,) ddy,
Jj=1 R3
J \%4 1
= (—TFR])\[Z\/l—t?wi’UZz( n)
j=1 i=1

P,T (my, +1) ) . (36)

;%8 (Mg, — 1)!
Finally, the asymptotic OP over the downlink can be achieved
by substituting (36) into (33).

V. OUTAGE OF INTER-AERIAL RELAYING AND E2E LINKS

A. Outage Analysis of Inter-Aerial Relaying Links

Considering Part C of Section II and denoting A,, ,41 =
Rf%n_*_l 0'2'70ut

P , one easily has the OP over the link between

the nth (n =1,--- , N — 1) and the (n -+ 1)th aerial relays as

Ran+1
Pout = Pr{’anRnJA < 'Yout}
2
Pr,|hR, R, |
=Pr R < Yout
dp 'y o2
RpRp41
My —1 . My —i—1
—1_ Z (mn)m"7171 An,n—&-l
paared Q (my, —1—1)!

X exp (—%Amﬂ) . (37)

Moreover, here we also assume that the transmission dis-
tance over each aerial relay hop is fixed to facilitate the
analysis, as the main concern of this work is the impacts of
the distribution of the aerial sources and jammers.

B. E2e OP Analysis

Using the analysis offered in previous sections, the e2e
OP of the target system will be presented by considering the
adopted relay types.

1) Satellite Relay Link: As observed from Fig. 1 and
considering DF scheme is adopted at the satellite, the e2e OP
over satellite relay link can be easily written as

pPl=1-(1-pP%3)(1-P).

out — out out

(38)

2) Aerial Relay Link: Similar to the previous subsection,
we can present the e2e OP over the aerial relay link as

N-1
Rw,Rn 1
PAR _ 1 _ (1 —ng}) (1 —P(ff;;D) I1 (1 — plinfins )
n=1

(39)

VI. NUMERICAL RESULTS

In this section, numerical results will be presented to
investigate the performance of the considered cooperative
satellite/aerial-terrestrial communication system. We run 105
times of the realizations of the considered system and 10° trials
of Monte-Carlo simulations to model the randomness of the
positions of the aerial transmitters and jammers and channel
gains over each link.

Following the transmit power and the orbit altitude shown
in [44], [45], in this subsection, unless otherwise explicitly
specified, the parameters are set as follows: 1) Uplink: dpg =
300 km, RA =10 km, Dmin =1 krn, dORl =20 km, ag = 2,
ax =2, Your = —1dB, Ag = 1x107%, m, =2,and Q = 1;
2) Downlink: dsp = 300 km, Ry = 10 km, dr,p = 20 km,
as =2, Your = =1 dB, \; = 1 x 107, m,, =2, Q =1,
b=1dB, Ps =30 dBW, and P4, = 30 dBW.

A. The Outage Performance over the Uplink

Fig. 3 presents the influence of R4 on the outage per-
formance of the uplink. One can see that the OP over the
uplink gets worse as the size of the distribution space of the
aerial transmitters increases. This observation can be easily
understood, since a large distribution space of the aerial
transmitters indicates that there will be more aerial transmitters
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accessing the satellite/the aerial relay simultaneously, resulting
in increased MUI accordingly.

Next, in Fig. 4, the impacts of the distribution density of the
aerial transmitters on the OP over the uplink are investigated.
It is noted from this figure that a large distribution density
of the aerial transmitter incurs a reduced outage performance.
Because more aerial transmitters will be brought by a large
A4 in the given distribution space, causing large MUI at the
satellite/the aerial relay.

Furthermore, the relationship between the OP of the uplink
and the transmission distances of the uplink is investigated
in Fig. 5. As expected, the transmission distances of the
uplink do not have a large impact on the outage performance
over the uplink. Because the target transmission signal and
corresponding self-interfering signal emitted by other aerial
transmitters suffer from the same path loss when traveling
over the same uplink.

Finally, the effects of the minimum safety distance among
the aerial transmitters, Dy,in, on the outage performance over
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the uplink are shown in Fig. 6. We can observe that Dy,
exhibits a positive impact on the OP over the uplink. In
other words, a large Dy, stands for a small OP over the
uplink, which can be interpreted by the fact that for the given
distribution space, a large D.;, implies a low distribution
density of the aerial transmitters and further low MUI at
the satellite/the aerial relay. However, one can also see that
such a positive effect is very weak as the OP curves plotted
in this figure overlap each other from a macroscopic view.
Because the range of D.,;, to promise the safety of the aerial
transmitters is relatively quite smaller than the size of their
distribution space and the length of the uplinks.

B. The Outage Performance over the Downlink

In Figs. 7-9, the OP over the downlink between S/Ry and
D is depicted. P; exhibits an obvious negative impact on the
outage performance over the downlink. Because a large P;
represents a large interfering power at D.

In Fig. 7, the OP with different d;,p (i € {S, Ry}) is pre-
sented. The outage performance over the downlink degrades
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while the transmission distance over the downlink enlarges.
More specifically, one can see that the OP over the downlink
between the satellite and the terrestrial receiver gets worse
when the link length increases from 300 km to 800 km. Similar
observations can be achieved for the downlink between Ry
and D when dgr, p reaches 30 km from 20 km.

Fig. 8 studied the influence of the size of the distribution
space of the aerial jammers, R, on the outage performance
over the downlink. The OP over the downlink enlarges while
R; increases. For example, when P; = 10 dBm, the OP of
the downlink is on the order of 103 for R; = 5 km, and that
is on the order of 102 for R; = 15 km. This observation can
be easily explained by the fact that a large R; means a large
distribution space and further denotes more aerial jammers,
which finally incurs the degraded outage performance.

In Fig. 9, we studied the relationship between the outage
performance and the distribution density of the aerial jammers,
Ar. For a given distribution space for the aerial jammers, a
large A leads to worse outage performance since a large Aj
implies more aerial jammers operate in the given 3D distri-
bution space. This observation is similar to the one achieved
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from Fig. 3, which uncovers the impact of the distribution
density of the aerial transmitters on the OP over the uplink in
the previous subsection.

Moreover, it can be seen from Figs. 3-9 that simulation and
analysis results agree with each other very well, which verify
the correctness of our proposed analytical models.

C. The E2e Outage Performance

As illustrated in Figs. 10 and 11, for a given transmission
distance between the aerial transmitters and the terrestrial
destination, N offers a positive impact on the e2e outage
performance of the considered system via the aerial relay path,
but such a positive influence gets weak while NV enlarges as flat
bottoms can be seen from the OP lines plotted in both figures.
This observation can be explained as follows: The transmission
distance between every two neighboring aerial relays gets
smaller and smaller when more aerial relays are introduced
into the aerial relay link, leading to the improved OP over
each aerial relay hop; then, when the outage performance of
each aerial relay hop is improved to a certain degree, the e2e
outage performance of the considered system will be only
decided by the transmission quality over the uplink and the
downlink shown in Fig. 2, which agrees with the expression
of the e2e OP with aerial relay addressed by (39). Therefore,
we can conclude: Though the e2e outage performance can
be enhanced somewhat, bringing more aerial relays into the
aerial relay link is not always a good choice for the considered
system and optimal system design should be carried out to
achieve a trade-off between the e2e OP and the increased
system resource overhead arisen from the introduced aerial
relays.

Moreover, another interesting finding here is that the e2e
OP via the satellite relay link does not always outperform that
via the aerial relay links because the e2e outage performance
under these two cases varies with numerous system factors,
e.g., the transmit power at the aerial transmitter/the satellite/the
aerial relays, the number of aerial relays, the link distance
among all terminals included in the considered system, etc.
Thus, to realize an optimal considered system for a practical



—— Aerial Relay Link,Pr = 15 dB
— & — Aerial Relay Link,Pr = 17 dB

* \ —-#-— Aerial Relay Link,P; =19 dB
A Satellite Relay Link,Ps = 30 dB
10tk A\ — — —Satellite Relay Link,Ps = 33 dB| |
\\ \\ 77777 Satellite Relay Link,Ps = 36 dB
E A
A A\
W\
VA
I O A
\ b
\‘ >
I N S S NN
&.\_\ «D*“‘ﬂ—ﬁf—&f—f{j
102 ¢ L e et S A
1 2 3 4 5 6

Fig. 10. The e2e OP for various Pg and Pr.

0.184

—-0-— Aerial Relay Link, dogr, = dg,p = 30 km
— & — Aerial Relay Link, dogr, = dg,p = 50 km
—x— Aerial Relay Link, dogr, = dgyp = 70 km
77777 Satellite Relay Link, dpos = dsp = 200 km
— — —Satellite Relay Link, dpos = dsp = 300 km
Satellite Relay Link, dps = dsp = 400 km

0.16
0.14

0.12

0.1

P, out

0.08

0.06

0.04

0.02 F

Fig. 11. The e2e OP for various dOS/dOR1 and dSD/dRND~

scenario setting, the selection of the relay link depends on
the feasibility of achieving a balance between the e2e OP
and other performance indices, for example, the time delay
incurred by the multi-hop forwarding over the aerial relay link.

VII. CONCLUSIONS

In this work, we have investigated the e2e outage per-
formance of a cooperative SATN, in which there are two
relaying choices for a group of aerial sources to forward
their information to a remote terrestrial destination. The e2e
outage performance of the considered system via two different
relay links has been studied and compared. Some remarks are
obtained:

1. In presence of co-channel interference among the aerial
sources, the transmission distances over the uplinks have little
impact on the outage performance of the uplinks;

2. The distribution density and the size of the distribution
space of the aerial sources and the aerial jammers play a

negative role on the OP over the uplink and the downlink,
respectively;

3. The safety distance among the aerial sources exhibits a
positive impact on the OP over the uplink;

4. For the aerial relay link, the number of aerial relays can
be optimized to realize an optimal trade-off between the e2e
OP and system resource overhead.

5. The choice of the relay link for the considered system
depends on the practical scenario settings. In other words, both
two kinds of relay links can provide optimal trade-offs be-
tween the e2e outage performance and the other performance
indices/constraints, and then people should choose the relay
type to satisfy the given system settings.

APPENDIX A: PROOF OF LEMMA 1

According to the definition of OP, the OP over the link from
the mth aerial transmitter to X (X € {S, Ry}) can be written
as
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Thus, we can obtain (8) via substituting (41) into (40).

APPENDIX B: PROOF OF LEMMA 2

2 .. .
As |ha,x|” and dg4, x are i.i.d random variables, we can
get

E; {exp (sI)}
M h |2
_ ApX
=Ey E|hAkX|27dAkX exp | s Z ok
k=1&k#m  ArX



Fig. 12.

Aerial transmitter-aerial relay link model
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Then, (9) can be reached by combining (42) and (43).

(42)

where V] = D3. ).

(43)

APPENDIX C: PROOF OF LEMMA 3

After achieving E; {exp (sI)}, we will derive its (m;)th
derivative. We know that the Oth derivative of any function is
itself. When m; > 0, according to the Fa di Bruno’s formula,
we can get

d™E; {exp (sI)}
dsmi

m;

=exp [AaVi(D2 = 1)] > B,k
k=1

x (AAV1D§1)7...,)\Alegmi‘k“)) ,
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where B, ;(-) is the Bell polynomials and Dék) is the kth
derivative of Dy w.r.t. s.
It is easy to get Dék) after substituting s =
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Substituting (44), (45), and s = — r—
the OP can be presented as (10). "

into (8),

APPENDIX D: PROOF OF LEMMA 4

As aerial transmitters are assumed to be independently and
uniformly distributed in V), the joint CDF of r and 6 can be
expressed as

fdcpfsm@d@ f

D
Fr , — min
o(z,y) T
2m(1 — cosy)(z® — D3 )
= min/ 46
3V, (46)
Then, the joint PDF of r and 6 can be written as
0?F,¢(z, y) 2 a? Slny
ro(, 47
fro(z,y) = 910y v 47)

From Fig. 12, the relationships between r, 6, and dik R
can be represented as d% p =1+ dpp, — 2rdor, cosf. It
can be easily seen that dOR1 Ra <da,r, <dor, +Ra.
To obtain the PDF of d2 AnR,> WE first derive the joint PDF of
d%, g, and r.

According to the multivariate change of variables formula,
the Jacobian determinant of matrix d(d% g ,7)/9(r,0) is

8(d?4kR177“) _
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2r —2dogr, cos 2rdog, sinf
1 0

= 2rdog, sin . (48)

Then, the joint PDF of d%k R, and r can be achieved as
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o 2dor, Y
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OR1Y
(dor, +v)? and (dor, — y)* < z. As Ry < dog,, one
can obtain \/r — dog, < y and dogr, — v/ < y, namely,
|vZ — dor,| < y. Observing Dpin < y < R4, the range of

y is max{Duin, |[v/* — dor,|} <y < Ra.

< 1, we can get x <



The PDF of dik R, can be acquired through the integration
of faz (z,y) in (49) according to 7 and finally shown in

(13).

kR

APPENDIX E: PROOF OF (15)

By using [42, Eq. (3.194.1)], D can be obtained

as (50) on the top of next page, where F(a,b,c, k) =

(mnp+a)ap SRy
mnTa)aRry b2
[b 2 oF1| My + kymp +a;my +a+1; =25
(mnta)ag, Jom
—c 2 2B | mp + kymy +a;my, +a+ 1 5%
2
X tnta)an, -

APPENDIX F: PROOF OF LEMMA 5

By substituting (17) into (40), we can obtain that

out = 1 i %Emhx {(sD)™ (1 — sI)}
=0
- 2_; %Ed {s™ B {1 (1= 5D}

my—1 1\yms
— Z ( ]-) {EdAmx {Sml}]EI {Iml}

= ()
B, {s™TYE {1}

=1

(51

As \hAkX\2 and d4, x are i.i.d random variables, E; {I}
can be derived as

M 2
_ |h’AkX|
IEI {I} — IE]\/I ]E‘hAkX|2’dAkX Z ax
k=1&k#m  ArX
— (AaV)M
= Z —————exp (—AaV1)
_1)
= (M —1)!
2 —
XEIhAkX|2 ‘h’AkX‘ }EdAkX {dAk))g
= (MM
= > B e ()
M=0 ’
. e, Ml e
1T ; (ﬁ) (mn —i— 1)

X exp (f%x) } Ea,,x {d3%% (52)

Then, (18) can be reached by combining (51) and (52).

APPENDIX G: PROOF OF LEMMA 6

As it has been assumed that the channels between
the aerial jammers and the terrestrial receiver, D, suf-
fer iid. Nakagmi-m fading, we have f, 2(z) =

(%)m"% exp (—Z%-z). Thus, we derive . [Y] (s) as
J

Pilhipl?
752 J‘daJSD‘

j=1 1;

Ly (s) =Elexp(—sY)| =E |exp

J 2
sP:|hip

=E ||exp 77”04; |

Li=1 I;

J o 2
sPjlhip|
=E ||/ exp _Jd# finyop2 (2) do
j=170 L
I

= exp */\1/(1*11 (dr))ddy |, (53)
]R3

where R3 is the 3D distribution space for these aerial jammers
presented in Fig. 2(b),

My, \ Mn 1 °
= () e [
! Q (mn—1)!/0 v

X exp | — % + sa; x| dx
I;
myp\mn ((m,  SP; o
=(— — 54
( Q ) Q + d?js ’ >4

and the last step follows the probability generating functional
of the PPP, which means for function f(z) that E [[ [, f(z)] =
exp (=X [;° (1= f(x))dx).

Then, thinking that R? is a hemisphere space depicted in
Fig. 2(b), one can finally derive %y (s) as (55) presented on
the top of the page after next page, where v; = M,
t; = cos (2;/1#), and w; = %

Finally, replacing s in (55) by (xt accomplishes the proof
of Lemma 5.
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