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Abstract—By incorporating the merits of satellite, aerial, and
terrestrial communications, the space-air-ground integrated net-
work (SAGIN) emerges in recent years as a promising solution
to support seamless, high-rate, and reliable transmission with an
extremely larger coverage than a classic terrestrial network. In
essence, SAGIN is a cooperative relay network, in which high-
altitude platforms (HAPs) and terrestrial base stations (BSs)
serve as intermediates relaying signals between end device and
satellite. In this paper, we thereby view the SAGIN from the
perspective of cooperative communications and introduce relay
networking technologies to model and construct the framework
of SAGIN. Meanwhile, we take the realistic propagation environ-
ment, HAP mobility and mathematical tractability into account
and reconstruct the cooperative channel models for SAGIN,
including the space-air, space-ground and air-ground links. Based
on the constructed framework of SAGIN, we analyze the outage
performance and approximate the outage probability as well
as asymptotic outage probability in closed form. Numerical
results generated by computer simulations verify our analysis
and provide insight into the applicability of SAGIN. Although
the relaying scenarios considered in this work are simplistic, the
good tractability and expandability of the constructed framework
provide a solid foundation for further research of advanced
systems with complex configurations.

Index Terms—Space-air-ground integrated network (SAGIN),
cooperative communications, decode-and-forward relaying, out-
age performance, system modeling.

I. INTRODUCTION

S the concept of the fifth generation (5G) network is

getting standardized and mature in recent years, further
improvements solely brought by classic terrestrial communi-
cations would be limited. As envisioned in [1], there would
be five application scenarios supported by the sixth genera-
tion (6G) communications: Enhanced Mobile Broadband Plus
(eMBB-Plus), Big Communications (BigCom), Secure Ultra-
Reliable Low-Latency Communications (SURLLC), Three-
Dimensional Integrated Communications (3D-InteCom), and
nconventional Data Communications (UCDC). It has been
widely acknowledged that without breakthrough, conventional
terrestrial wireless communication technologies would be diffi-
cult to support these novel applications in 6G and hardly bring
a performance leap from 5G to 6G [2]. In light of the limitation
of two-dimensional terrestrial communications, the space-air-
ground integrated network (SAGIN) emerges in recent years
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as a promising solution to support seamless, high-rate, and
reliable transmission with an extremely larger coverage, which
raises the network dimension from two to three with an extra
dimension of node height [3].

By incorporating the merits of satellite, aerial and terrestrial
communications, the SAGIN could play a crucial role in
four of the five envisioned application scenarios, i.e., eMBB-
Plus, BigCom, SURLLC, and 3D-InteCom. A typical SAGIN
consists of three layers, which are space, aerial and terrestrial
layers. First, a much larger coverage can be provided by satel-
lite communications than that of terrestrial communications at
the cost of high latency and low data rate [4], [5]. Second,
high-altitude platforms (HAPs) hovering over the aerial layer
have the adaptive networking capability, which can adjust the
network topology according to the service requirements in
real time. On the other hand, the mobility of HAPs could
in turn impair the performance of SAGIN without proper
coordination and countermeasure [6]. The terrestrial layer
supports the classic mobile communications on ground and
relies on existing terrestrial infrastructure.

In fact, SAGIN is not a new concept, rather was proposed
in 2006 for enhancing the Global Information Grid (GIG)
by the Department of Defense, United States [7]. In [7], the
rudiments of SAGIN are given, and orbiting satellites and
high loiter assets are employed for military communication
purposes. However, because near-space and three-dimensional
communication technologies were still immature at that time,
the predecessor of SAGIN did not attract wide attention.
Since 2017, benefiting from the full-fledged unmanned aerial
vehicle (UAV) communications, SAGIN architecture gradu-
ally becomes a potential solution to support next genera-
tion networks. The inherent advantages of SAGIN in terms
of coverage, throughput, reliability, and flexibility make it
suitable for a number of practical fields in next generation
networks, including but not limited to earth observation, intel-
ligent transportation system (ITS), military sensing, emergency
communications, rural connectivity [3], [8]-[10].

In [11], software defined SAGIN is employed to cooperate
with vehicular networks to support diverse, seamless, efficient,
and cost-effective vehicular services. This work marks the
resurgence of SAGIN. More general cases incorporating SA-
GIN and software defined network (SDN) are reported in [12]
and [13], which both illustrate the efficiency of the ally. The
cross-layer gateway selection problem is discussed in [14].
Bidirectional mission offloading for SAGIN is investigated in
[15], which indicates that the satellite, aerial, and terrestrial
layers are mutually beneficial. Artificial intelligence (Al) is



employed to optimize SAGIN for a higher quality of service
(QoS) in [16]. Performance analysis of SAGIN using free-
space optical (FSO) communications are reported in [17] and
[18]. There have also existed two surveys of SAGIN [3], [9].

However, most existing works mentioned above rely on
computer simulations to investigate the performance of SA-
GIN, but hardly provide analytical results. Although some
analyses are carried out in [17] and [18], the authors focused
on FSO light-of-sight (LoS) links. These FSO LoS links could
bring a great challenge for transmitter-receiver alignment and
cause severe spatial correlation, which limit the advanta-
geous performance of SAGIN compared to various terrestrial
networks. Therefore, to be more realistic and generic, we
thereby view the SAGIN from the perspective of cooperative
communications and introduce relay networking technologies
to model and construct the framework of SAGIN. Also, we
take the realistic propagation environment, HAP mobility
and mathematical tractability into account and reconstruct
the cooperative channel models for SAGIN, including the
space-air link, space-ground link and air-ground link. Based
on the constructed framework of SAGIN, we analyze the
outage performance and approximate the outage probability
as well as asymptotic outage probability in closed form. The
analytical framework constructed in this work serves as a solid
foundation and powerful tool for future research of SAGIN.

The remainder of the paper is organized as follows. In Sec-
tion II, we detail the system model of the SAGIN considered
with several key assumptions and constraints. Then, we carry
out outage performance analysis of the SAGIN in Section
IIT by approximating the closed-form expressions of outage
probability and deriving their asymptotes. The discussion
about the maximum placement distance for HAP is presented
in Section IV. Numerical results generated by Monte Carlo
simulations are illustrated in Section V to corroborate our
outage performance analysis. Finally, Section VI concludes
the paper.

II. SYSTEM MODEL
A. System Architecture

We consider a simplistic system model consisting of a
geostationary (GEO) satellite, a moving HAP, a terrestrial BS,
and a piece of user equipment (UE), which form a three-
dimensional multi-hop network. We denote the original three-
dimensional coordinates of the GEO satellite, HAP, terrestrial
BS, and UE as (Is,ys, Zs), (xH,yH, ZH), (xB,yB, ZB), and
(zv,yu,zu ), respectively. Such a three-dimensional multi-
hop communication scenario is pictorially given in Fig. 1.
Assuming all channels are reciprocal, without loss of gen-
erality, we only consider the downlink transmission from the
GEO satellite to the UE. The transmit power of GEO satellite,
HAP, and BS are denoted as Ps, Py, and Pp, respectively. All
nodes are equipped with a single antenna and operate in a half-
duplex mode. For a better interoperability using heterogeneous
resources, it is supposed that the GEO satellite, HAP, and
BS share the same frequency band (L band or S band) and
operate over an integrated network in a centralized manner
[19]. Due to the mobility of HAP and users, the system adopts
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Fig. 1: Three-dimensional multi-hop communication scenario of the
considered SAGIN.

the mobile satellite services, which is aim to provide reliable
connections to end users that move at high speeds rather than
remain stationary [20].

For saving the communication resources, we assume that
the UE cannot be directly reached by satellite [21] and the
connection must be constructed via HAP or BS that serve as
intermediate gateways. Therefore, in the first hop, the GEO
satellite broadcasts signal to both BS and HAP. Assuming
both BS and HAP adopt the decode-and-forward (DF) relaying
protocol, in the second hop, the BS will forward the decoded
signal to UE if the received SNR is larger than a threshold
ep or keep silent. The HAP will choose to forward the signal
to BS or UE or both depending on its current location and
networking mode (details will be given in Section III-A) '. In
the third hop, the BS will forward the decoded signal after
combining the transmission from HAP to the UE if it kept
silent in the second hop. Due to the simplicity, selection com-
bining (SC) is adopted for combining signals propagating over
multiple paths at the BS and UE?. Perfect time and frequency
synchronizations, channel feedback, and CSI acquisition are
supposed for the proposed SAGIN system for the analytical
simplicity [22]-[26]. Further assuming a well designed trans-
mission protocol implemented at all communication nodes, the
interference among multiple transmissions in both time and
frequency domains can be circumvented [27], [28].

B. Mobility

For mobility, both GEO satellite and BS are geostation-
ary, and the movement of UE is assumed to be negligible
compared to the scale of SAGIN. However, the mobility of

ISince the HAP is assumed to act as a DF relay without the need to
transmit its own information, the operational delay is negligible compared
to the transmission latency over different hops.

2Qther complex combining techniques, e.g., maximum-ratio combining
(MRC), can also be similarly applied and analyzed via the analytical frame-
work constructed in this paper. As the combining technique is not the focus
of this work, we omit further in-depth discussion herein.



HAP must be taken into consideration and has an impact
on the system performance. In particular, the movement of
HAP between the transmissions over the first and second hop
yields different transmission distances and thereby different
network topologies, which further varies the channel power
gain. Therefore, to well model SAGIN, we first need to
deal with the mobility of HAP. However, the trajectory of
HAP can be regarded to be arbitrary and hard to predict.
For generality, we employ the stochastic model to describe
the movement behavior of HAP [29]. Before doing so, we
first assume the height of the HAP, i.e., zz is a constant,
which is justified by the legal requirement that HAP can
only operate over a certain layer with a fixed height. Fur-
thermore, constrained by the hardware configuration and en-
ergy consumption, the maximum placement of the HAP is
regulated to be rz. Denoting the new location of the HAP
as (2%, Y4y, zm), we can mathematically write the constraint
as dg = /(% —zu)? + (Vg —yu)? + (2w — z0)? < ru.
Because the height of the HAP is invariant, we can hereby
reduce the stochastic model within the aerial layer to two-
dimensional. According to the network architecture of SAGIN,
we can employ the uniform distribution model over the cir-
cular region with height zy and radius 7z from the center
(rH,yH,2H) to characterize dy and obtain the probability
density function (PDF) of dy as [30]

2\/r%, 0<dy <rg
0, otherwise

fan () = { (1
The angle variation of the HAP 6 is assumed to be uniformly
distributed over [0, 27) with the PDF

1/(27), 0<0y<2r
0, otherwise

As a result, the new coordinate of the HAP can be alterna-
tively written as (x g +dy cos(0n), yu +dg sin(0x), zm). We
demonstrate the moving procedure of the HAP with relevant
parameters in Fig. 2. For simplicity, we denote the distance
between the GEO satellite and HAP and the distance between
the GEO satellite and BS when signal is transmitted in the first
hop as dsp = /(zu —x5)% + (yu — ys)* + (zu — 25)?
and dgp = \/(xB —25)2+ (yp —ys)? + (25 — zs)?. Sim-
ilarly, we denote the distance between the HAP and BS and
UE when the HAP forwards the signal in the second hop
as dyp = \/(e5 — @)® + (s —y)® + (25 — 7)? and
iy = /(o0 — ) + (g — Yy + (s — 2}y)2. Because
Zn > zZp, Zu, we assume zp = zy = 0 for simplicity.

C. Channel Models

Due to the heterogeneity of SAGIN, the channels in three
layers are diverse and affected by different physical mecha-
nisms. Therefore, it is necessary to discuss them in a separate
manner. We classify the channels into three categories: space
channel, aerial channel, and terrestrial channel. The space
channel refers to the channel between satellite and HAP as
well as the channel between satellite and BS. The aerial
channel includes the channel between HAP and BS and
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Fig. 2: Movement schematic of the HAP with relevant parameters.

the channel between HAP and UE. Terrestrial channel is
the conventional channel between BS and UE, which has
been extensively studied in terrestrial communications [31].
Since the movement of HAP is slow when serving users,
the Doppler shift is assumed to be well compensated, which
has a negligible impact on the SAGIN system [32], [33].
To be general, three propagation attenuation mechanisms are
taken into consideration, which are path loss, shadowing and
multipath fading.

1) Space Channels: For characterizing space channel, Loo
channel model would be the most well-known one with an
adequate fit, but the mathematical tractability is relatively poor
[34]. In this work, Shadowed-Rician fading model presented
in [35] is adopted to describe the satellite signal propagation,
which has been proved to be accurate and practical in various
frequency bands. Denoting the channel coefficient between
satellite and BS as hgp, the PDF of the corresponding channel
power gain Gsp = |hsp|? is given by [34]

foss(N) = agpexp (—BspA) 1F1 (msp; 1;658A),  (3)

mspB
- 2bspms .
for A\ > O, where (YSB:<%) /(2()53),

ﬁSB:ﬁ and 6SB:2bSB(2bSBifi€B+SZSB).; Qsp and 2bsp
are the average power of the LoS and multipath components,
respectively; mgp is the fading severity parameter’; and
1Fy (+;+;+) is the confluent hypergeometric function of the first
kind [36, Eq. (9.14.1)].

Despite the mobility of HAP, the channel model between
GEO satellite and HAP is highly similar to the channel model
between GEO satellite and BS, given the fact that zg > zpy
[37]. As a consequence of the similarity, we adopt the same
channel model as given in (3) for the channel gain pertaining
to the space-to-air link Ggpy by replacing asg Bsp, msa,
and dsp with agy Bsm, msy, and dgp, respectively. As a
result of the replacement, the PDF of G gy is given by

fasu(N) = asgexp (—BsuA) 1F1 (msw; 1;0sa)).  (4)

3When mgp = 0, it represents a complete LoS case; when 0 < mgp <
00, it stands for the case of both small-scale fading and LoS; when mgp = oo
it denotes the case without LoS.



2) Aerial Channels: For the HAP-to-BS channel, because
of the height and elaborate site selection of BS, in general,
there exists LoS link between HAP and BS [38]. Therefore,
we can assume the channel to be Rician distributed, and the
PDF of the channel power gain Gy p can be written as [39]

faus (V) =n’exp (=[*A + K]) Io (%VE) NG

£/ % is the LoS parameter reflecting the strength
of the LoS path; K is the Rician factor which corresponds to
the ratio of the power of the LoS (specular) component to
the average power of the scattered component; Q5 is the
variance of the signal; I,(-) is the modified Bessel function
of the first kind with order v.

For the HAP-to-UE channel, it is supposed that there is no
LoS path, because of the complicated electromagnetic prop-
agation environment. Consequently, we adopt the Rayleigh

channel model and have the PDF of Gy as

fGHU ()‘) = exp (7/\) : (6)

where n =

3) Terrestrial Channel: Finally, for the wireless channel
between BS and UE, we again adopt the classic Rayleigh
fading channel model with the PDF given by [40]

fGBU ()‘) = €exp (7/\) . (N

III. OUTAGE PERFORMANCE ANALYSIS

A. Outage Scenarios

There are several scenarios that the UE will experience an
outage and cannot receive the signal transmitted by the GEO
satellite, depending on the channel qualities and networking
modes. We present them all in Fig. 3 and detail them as
follows.

1) Outage Scenario I: In this scenario, both of the HAP
and BS have well received the broadcast signal from the GEO
satellite, which means that the receiving signal-to-noise ratio
(SNR) is larger than the HAP and BS outage threshold € and
ep. Note that, because the BS has already correctly decoded
the signal and there is no need to wait for the forwarded
signal from the HAP. The BS will directly forward the re-
encoded signal to the UE in the second transmission phase.
Unfortunately, both forwarding links from the HAP and BS
to the UE are in outage, which hinders the detection of the
forwarded signal at the UE. That is, the receiving SNR at the
UE is smaller than the UE outage threshold e;*.

2) Outage Scenario II: In the second scenario, the satellite-
to-HAP link in the first hop is in outage, while the transmission
over the satellite-to-BS link is successful. However, the for-
warded signal in the second hop from the BS to the UE is in
outage.

4Because different devices have different processing capabilities due to
various hardware and software configurations, we do not unify the outage
thresholds for all receivers at the HAP, BS, and UE for maintaining generality.
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Fig. 3: All scenarios when an outage occurs at the UE.

3) Outage Scenario III: The third scenario refers to the
situation that the transmission from the GEO satellite to the
BS in the first hop is in outage, but the transmission over the
satellite-to-HAP link is successful. Then, in the second hop,
the HAP forwards the signal to both the BS and UE. However,
the detection of the forwarded signal in the second hop at the
UE is in outage. On the other hand, by SC, the BS is now
able to successfully decode the signal forwarded by the HAP
and forwards the re-encoded signal to the UE. Unfortunately,
outage occurs again over the BS-to-UE link.

4) Outage Scenario IV: In the fourth scenario, the situation
in the first hop is exactly the same as the third scenario.
However, the forwarded signals in the second hop to the BS
and UE are both failed due to outage.

5) Outage Scenario V: The fifth scenario would be the
worst one, as both of the transmission over the satellite-to-
HAP and satellite-to-BS links are in outage in the first hop.

B. Outage Probability Formulation

By assuming all channel gains are independently distributed,
all five outage scenarios are mutually exclusive. To calculate
the outage probability, we can first calculate the outage proba-
bility corresponding to each scenario. To do so, we define the
per-link outage probability for the five links as follows:

sy = P{PsGsi/d2s No < cir}

Ssp =P{PsGsp/dsi’ No < ep}

Sup =P{PuGup/(dyg)""?No <ep} , (8)
Sy =P{PuGru/(dyy)""" No < v}

bpy = ]P’{PBGBU/dZ%UNO <eu}

where P{-} denotes the probability of the random event
enclosed; n;, j € {SB,SH, HB, HU, BU}, denotes path loss
exponent for link 7, which is assumed to be a constant ranging
from 2 to 7 depending on the radio propagation environment
and terrain; Ny is the average power of the complex additive
white Gaussian noise (AWGN), which is assumed to follow
the same distribution at all receivers. By the definitions of five
per-link outage probabilities, we can determine the per-case



outage probabilities according to the five scenarios illustrated
in Fig. 3 as

Uy = (1 - @su)(1 - Psp)PuuPsy

Uy = Qgp(l — ®s5p5)Ppy

Us=(1-Psa)Psp(1—Pup)PrvPsy - )
Uy=(1—-Psu)PspPupPru
Us = @5 Psp

By basics of probability theory, we can derive the outage
probability of SAGIN as

5
T = Z v,
=1

In the following subsection, we derive the approximate
expressions in closed form for the five per-link outage proba-
bilities.

(10)

C. Per-Link Outage Probability Derivations

As analyzed in (9) and (10), we need to first determine
the per-link outage probabilities so as to obtain the system
outage probability of SAGIN. In this subsection, we hereby
presents detailed derivations of per-link outage probabilities
Psy, Psp, Pup, Pyy, and ®py as follows via a set of
approximation techniques.

1) GEO-HAP Outage Probability ®sp: Based on (4) and
(8), @5y can be calculated as

bgy = P{CSH < EHdnSHNU/Ps}
.No/Ps
fGSH ()‘)d/\

Y (11)
end2SH No/Ps

'O/
X 1Fy (msp; 1;0smA) dA.

cHdSH

asyexp (—BsuN)

For simplicity, we suppose that mgy takes integer values
and rewrite the hypergeometric function 1 Fy (mgp;1;0sg )
through [41, Eq. (41)] as

1F1(msm;1;0sa\) = exp (0su )

7”st1 kSH (1*777511)]&

) Z (ksu!)?

ksH 0
where (t), = t(t+1)---(t+k—1) is the Pochhammer
symbol [36]. By substituting (12) into (11), the gy can be

calculated as

(85 N)"=" (12)

eHdS” \O/PS mMmsH— 1
Qs = asg » < (ksu) Aen

0 ksu=0

X exp [— (85;{ — (55;{) /\} dA
msyg—1

= agy Z (ki) (Bsu — 0sm) "7
ksp=0
Bopgdist —§ l N
X’}"(kSH—Fl, (“ SHTSH };H( )GH 0).
S

13)

(~1)FsH (1- WSH) (0sm)"sH

ksH

where ¢ (ksp) = ,and ~y(-,-) is
the incomplete gamma function det%ned in [36, Eq (8.350.1)].

2) GEO-BS Outage Probability ®gp: The calculation of
®gp is highly similar to the calculation of ®g, which can
be directly obtained as

msp—1

®sp=asp Y <(ksp) (Bsp —dsp) "
ksp=0 (14)
BopdlsP — Ispdiyp) esN
x v(ksp + 1, (Bspdsy PSB si’) <p %,
S

kg m s kg
where ¢ (ksp) = (=1)"sB(1- (kiz’))kSB( sB)"SB

3) HAP-BS Outage Probability ®p: Based on (5), the
outage probability conditioned on d’; ; can be expressed as

)TLHB

2€BN0 (d/
gy, =1 VQK,??\/ Py - (15)

Considering the mobility of HAP, the transmission distances
in the first and second slots are normally different, and the
transmission distance in the second slot can be determined as

dyp = \/(xHB +du cos(0n))? + (yus + du sin(0r))? + 23,
(16)

where xyp = vy —xp and ygp = yg —yp. To observe the
distribution of d%; 5, we consider the problem as calculating
the distribution of the distance from the origin to a point
in a circle centered by (zmp,ynp,zm) with radius rp.
To demonstrate this problem clearly, we suppose zy = 0
firstly. Then, this problem is reduced to the x — y plane.
It means that we should observe the distance r from the
origin to a point randomly distributed in a circle centered
by (zgp,ymp) with radius 7z, which is shown in Fig. 4.
By denoting 7 = /2% + y% 5 and adopting the circle-
circle intersection, we calculate the intersection area of HAP
distribution regions in (17) on the top of the next page, when
|7‘B—7'H‘ <r<rp-+rg.

It should be noted that when rg < rg, r can be smaller
than ry — rp, which leads to the intersection area shown in
Fig. 5. When 0 < r < rg —rp and ry > rp, the another
part of intersection area should be the full circle of radius r,
which can be simplified as

Ay (1) = 712, (18)
Thus, the CDF of r is calculated by
A
F.(r)= 1<) J{lrp —rul<r<rp+ru}
19
+ s—1{r <rg —rp,rug >rp},
Ty

where 1{-} is the indicator function.
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Fig. 4: Distance 7 from the origin to the HAP when |rp — rg| <
r<rp+rH.

Fig. 5: Distance r from the origin to the HAP when » < rg — rp
and rg > rp.

Now, taking zy into consideration, we have d’H B =
\/r? + 2%. The CDF of d}; ; can be expressed as

A (M)

Fd/HB (.T) = 2 H{LB <xr < UB}
" (20)
Ag( z? — 2%
+—2H{2H <z < LB,’I“H > TB},

Ty

where Lp = \/(rB frH)QJrz%I and \/(TB +ry)? + 2%.

Furthermore, the PDF of d’; 5 can be further calculated as
2z
fa,, (@) = TT]I{ZH <x < Lp,rg >rp}

H
2 2 2 2
(TB—TH—ZH+$

2_ .2
2rg\/x 2%

>]I{LB <!.C<UB}.
2D

Taking the distribution of d%;; into consideration, the
outage probability of the HAP-BS link can be calculated as

Syp = 1—/R(d/HB) Q1 (\/ﬁ,m//\HBx”HB) fa,, (z)dz,

(22)

where R (dy;p) means the domain of fy () and Agp =
2€BNO

2x
+ —5~ arccos
Ty

P
To simplify the calculation, we use the approximation for
Q@-function suggested in [42], which is

Q@1 (a,b) =~ exp <_6U(a)bu(a)) ,

where ji (a) = 2.174 — 0.592a + 0.593a% — 0.092a> + 0.005a*
and v (a) = —0.840 + 0.327a — 0.740a? + 0.083a> — 0.004a*.
Accordingly, we can obtain

Q1 (\/ﬁ,n\/)\HB:U”HB) /2 exp (erG%anfH) , (24)

where © = n?Agp, pu = 2.174 — 0.937VK + 1.186K —
0.260K 2 +0.010K?2 and v = —0.840+0.809v'K —1.480K +
0.235K3 — 0.008K2.

Thus, @5 can be approximated as

Up
n 2z

dyp = / {1—exp (—e“@%x H2B“)} 5
iy

2 2 2 2
TH — T — 2 T
X arccos ( B H Bt )dx

Ly
2 2
2rg\/ 2%

(23)

Lp
n 2
+ / [1 — exp (—e“@gx Lf”)} %I[ {rg >rp}dz.
H
ZH

(25)
In the following derivation, we denote the first integral as

I} 5, while the second integral as I%p for simplicity. By
taking advantage of (17), I}, 5 can be approximated as

A (VIR =73) - 4 (VIR - 3)

1
Tip = —3
U
i v AL THBH 2x
— | exp (76 Oz2x7 2 ) — (26)
mr
Lp i

2 2 2 2
T — Ty — 2 +tT
X arccos ( B H H >da:.

2 _ 2
2rp\/ 2 — 2§



Since the integral is hard to solve, we use Chebyshev-Gauss
quadrature to facilitate further analysis with an adequate

Wgp
accuracy, which is given by fil \/fi)dx ~ > w;f (z;) with
i=1

21_17r), and weight w; = .

2Wg
Thus, I}, can be rewritten as

Wp sum points, z; = cos(

A (VUE =) - Al( 13-4

IJILIB_ 2
H
1
2(T'1t+T “
- [ e (et me )
H
21
2 2 Iit+T
X arccos "B "H ZH (Tt + 2) dt

QTB\/(Flt + F2) — Z?—I

A (VTE—) -4 (VI )

e
_Flz \/1—6 exp( HB“)

2(T'e; +T 2 _p2 _ I'ig; +T
(I'e ;' 2) Arccos s — " ZH+( 1€ + 2)
QTB\/(FlEi + Fg) — Z?{

].—‘151 + FQ)

Ty

27

where 17 = 7UBQLB; I'y, = 7UB;LB' €

cos ((2i — 1)w/Wp).
Then, 1% 5 can be calculated as

Lp
n

n 2x
I4 g = / [1 — exp (—e“@ixHTBH)} —I{ry >rp}de
H
2 _ .2
:LBng_ 5 4 e ﬂHB#@ n1-213
Ty TgMHBM
Up

4
X Y HBH

ZB

2
—_ 4v
_ (rp 27"H) S 4 e
T TgnaBl

4 4
() T (G
NHBU NHBM

" N"HBH
where zp = €"0%2, 2 and Up =¢e'O5 L,

By substituting (27) and (28) into (25), we can finally
approximate @z p in closed form.

4) HAP-UE Outage Probability ®ry: Based on (6), the
outage probability conditioned on d’;;; can be expressed as

! exp (—y) I {rg >rp}tdy

_2
nHB

\I/B>:| H{TH > ’I“B},
(28)

nHBu

(d/HU)nHUEUNO) 9

Similarly, considering the distribution of d’HU, Dy 1s deter-
mined by

Uu
N
:/ {1—exp (—EIIJD Ox"””)}
H
2
dx
2 2ryy/a? — 2%

N
Pru = / {1 — exp (—EUOCURHUH fay,, (@) dz
R(dyy,) Pu
U
=2 arceos (T(QJ ek ks
ey
w N 2
+ / [1 — exp (—erl‘nHU)] Txﬂ {rag > rp}dx,
PH 7“H
2H
(30)

where R (dp;) represents the domain of fg (), and
fay,, () is obtained by replacing rp, Lp and Ugp in

fay,, (@) by 1o = \/(fH — )+ (yu —yo)’ Ly =

\/(rU —ry)’ + 2% and Uy = A/(TU +r1)? + 22, respec-
tively. Similarly, we denote the first integral and the second
integral as I };;; and I%,;;. And ditto I};;; can be solved through
Chebyshev-Gauss quadrature as

A( UQ—ZH) A1< L%—Z?{)

Iy =
HU 7T7"H
Uu
€UN0 ZMHU 2x
— [ exp 2 3
H Ty
Ly

2 2 2 2
vy — Ty — g tX
X arccos dz
( 2ryy/a? — 2% )
A (VOZ=23) - A (VIE =43

2
Ty

_F3ZW ,/l—njexp(

X 72 (F377j2+ F4) arccos 7"%] — T?{ — ZH + (F377] * F4) )

TH 2ry \/(F377j +1y)° - 2%

(F37’]] + 1—\4)TLHU>

€1y

Uuv+Luy

Uy—Ly. — . —
Yolu, 1, = HYutlu, o), —

where I's =
cos ((2§ — )m/Wy).



Similarly, IIQJU can be calculated as

Ly
L3 — 22 euNo
IQ _ U H —/eX _ xHU
HU T% p PH

ZH

2x
x —-1 > d
2 {rg >ry}de

H
2
-z 2 (EUN())_"HU
% r2nge \ Pu
2%
X /yﬁflexp(—y)ﬂ{m{ >rytdy
22U
2
_ L2U —Z%{ . 2 (GUN())_”HU
’1"%{ T‘%{W,HB PH
2 2
x |’ ,2U -r 77\:[/(] H{?"H>7“U},
NHU nNHU

(32)

where zp = 2N 23U and Wy = <o prmv,

Finally, substituting (31) and (32) into (30) yields the
closed-form approximation for ® .

5) BS-UE Outage Probability ® pr;: Under the assumption
that the channel between BS and UE is the classic Rayleigh,
we obtain @y directly by

PG
Opy =P f BY < ey
dB%-L NQ
nBy (33)
d ev No
=1—exp —-BU —_ "),
Pp
6) Joint HAP-BS and HAP-UE Outage Probability
PypPyy: It should be noted that we cannot obtain

Py pPyy by just multiplying obtained &5 and Ppy to-
gether. The reason is that ®yp and @y share the same
random variables dy and 0y when considering the mobility
of HAP. In other words, the PDFs of d’; 5 and d7;; are cor-
related. By adopting the expressions of the @5 conditioned
on dyyp and ®gy conditioned on dfy;, we can derive the
expression of @y p® gy conditioned on dfy 5 and dyy; as

v m ’”HB‘I/
Pt fa, Cavfa, = |1 e (~e0F drp) ) |

N nuU
X [16Xp (EIIJDHO( ) >]
(34)

Since d’y 5 and d’y; can be re-expressed as

dyp = \/rzB +d3; + 2dy [yrp sin(0m) + v p cos(0n)],

(35)

and

dyy = \/TZU + d% + 2dy (yau sin(@u) + xgu cos(0n)),
(36)

where 7z = 7‘]23 + Z%IB and rzy = 7"(2] + z%l Therefore, the
expression of ® Py can be calculated through removing

the randomness of dy and 0y, which is given in (37) on the
top of next page.

Since the integral is hardly to tackle, we resort to
Chebyshev-Gauss quadrature again and obtain the following
approximation as

B _W2 T ] 192W1 71'\/72?9]'4—1
HB HU—ZWZ\/ — JZWI 1—wi74
=1 i=1

X {1 — exp (_6”@% (rzp + & (ﬁjvwi))anM)]

"HU

X {1 — exp (—GZJDNO (rzu + Q2 (¥, @) 2 )} )
H
(33)

where Qq (9, w;) and Qs (9, ;) are expressed as
TH rTH 2 rH rH
O (0, w7) = (719- 7) —2(719- 7)
105, @) = (505 + 5 2 Vit %) 39
X [ygp sin (7rw;) + xgp cos (rw;)],

and
_ (T THN? 5 (TH,  TH
QQ(ﬁj’wi)_(zﬁj+ 2) 2(2193+ 2) (40)
X lygy sin (7w;) + zgy cos (rw;)],

where w; = cos ((2¢ —1)m/Wy) and 9, =
cos ((2§ — 1)w/Ws).

Substituting derived sy, Psp, Py, Py, Py and
PypPyy into (9), -5 can be obtained in closed form.
Then, substituting obtained ®;-®5 into (10), we can finally
approximate the outage probability of the SAGIN system in

closed form.

D. Asymptotic Analysis of Outage Performance

To illustrate the relation among outage performance and
a set of system parameters and thereby provide profound
insights, we present the asymptotic analysis of outage perfor-
mance in a per-link manner as follows. In the following, we de-
rive the approximate expressions assuming Ag, A\, Ap — 00.
The derived approximate outage probabilities for each link are
denoted as @45, Pap, P45, iy, P4, respectively.

1) GEO-HAP Outage Probability ®%5y: The PDF of
AsGsm with \g = L5 can be expressed as

No
sy p X x
Frscen (@) = N exp <35H /\b> 1F1 <m5H; 1;5SH)\S> .
(41)

As shown in [43], 1 F} <mSH; 155H/\JT> — 1 for large Ag.
Thus, the asymptotic PDF of A\gG gy can becomes

r A S H ) T
frsasn (@) = BV exp (—ij)\S> )

Accordingly, the asymptotic outage probability for GEO-
HAP &%, can be calculated as

A endgi! QasH T
Qo = o P _ﬁSHr
0 s s

_ asH {1 — exp <—/3SHngSb{I€H>} .
Bsu As

(42)

(43)




TH 27 d
CypPry = / / 2
H

u N nHU
X {1 — exp < PHO [’I"ZU +d% + 2dy [ygo sin(0y) + zpy cos(@H)H 2

" 5 . nHBR
— exp (—e”@f [TZB +d3 +2dy [yppsin(@y) + zap COS(QH)]] 4 ﬂ

(37

n

u
)] dfpddy

2) GEO-BS Outage Probability ®45: Similarly, 45 can
be obtained by replacing agsy, nsm, Bsm, €g and dggy by
asp, nsp, Bsp, €g and dgp respectively, and we thus have

‘I)SB _ 458 {1 — exp <—533ngBB€B)] .
Bsp g

3) HAP-BS Outage Probability @ﬁu: The PDF of A\yGup
with Ay = % can be expressed as

(44)

2
n T
) = Eo (2 Y eso 1 (2[R ).

(45)

By adopting the series representations of the exponential

function and the modified Bessel function of the first kind

with order 0, we can have exp (7772% ~1-— 7]2)\i and
H H

I (2r,, = ) 1+ 2K =
approx1mated PDF of A\yGpyp conditioned on d’H 5 can be
further simplified as

. when Ay — oo. Thus, the

2

(g <D (— 2
pyn (1 7]/\ >pr( K)<1+T] K/\H>.
(46)

f?IIGHB(' )

Accordingly, the approximated CDF of Ay Gyp conditioned
on d’y 5 can be obtained as

N es(dyp
F)\UGHB|(1'HB (‘L) - /O

7]2 / n 4 ! 3n 63B
= —exp (=K) [(dyp)""Pep —n" K(dyp)"""? 5

it 3Ny
1) % } .

2

YTHB

fAHGHB (L)d.%'

Py (K -

(47)

To facilitate the following derivations, we treat "H L =npg,
and np is an integer. By adopting the express10n of dypg
shown in (35), ®4 ; is determined by

TH 27 dH
2

¥ )2"3

np
(I)HB = —exp HB)

(48)

+ 1 (K — )2/\

3n
_774K3)\%I (d2p) } d0;ddsr.

By adopting the binomial theorem, we can re-express d’2"%
as

Ay = (rzp + di + 2du lyn sin(0u) + zap cos(0n)])"

= Z( )dek TZB +d%,)n_k
x [ymssin(0g) + zxp cos(0x)]"
n n—k
n n—=~k
— 2k n—k—1 jk+21
()2 2 (et

i=0
X [y sin(0x) + xgp cos(0x)]" .

49)
Finally, ®4 ; can be derived as
e
pp = EGXP (—K) lepFi(rzB,uB, YHB,"B)
3
4K37]:1 (rze,*uB,YuB,3NB) (50)

2
€h
+7* (K —1) W}—l (rze,xuB,yaB,2nB)|,
where Fi (+,-,-,+) is given by

]:1 (a,b,c,n) :SF

TH 27 )
X / / d*F2H [esin(0y) + beos(0x)] dOpddy
0

PhA2i42 p2m .
Fm%) [esin(0g) + beos(0m)]" Aoy
i _ k
:SFLQ.H %'277(524-0)2 k is even
k+2i+2 | o, k is odd
(5D

n—k
where Sp = 2 Z )2k > (”:k) n=k=i and (-)! repre-
=0

sents double factonal notation.
4) HAP-UE Outage Probability <I>A

00, the exponential exp (——
imated PDF of A\gG gy can be reduced as

1 T
- A .
FanGns (@) = ye <1 - )\H>
Accordingly, the approximated CDF of AyGpp condi-
tioned on d’;;; can be calculated as

: Considering A —
~ 1 — 5=. Thus, the approx-

(52)

" v (dyy)"HY A
F/\HGHU|d/HU (1‘) - /O f)‘HGHU (l)de’
1 nNHU 2ngu 62“'
= <((1/HU) 1 e — (dlygy ) ™Y 2/\LH) .

(53)



By assuming ny = *4% to be an integer and using the
expression of d’; shown in (36), we derive ®4; as

TH 2 d
Oy = /'L/ ey ()™
>\H 7T7”H (54)
27LU
dz dfgdd
g () ] i
Using defined function F (-, -, -,-), we obtain the asymp-
totic outage probability @4, by
1
dpy = oy levF1 (rzu, zaU, YU, nU)
2 (55)

€2
-ULr (TZUaxHUzyHUaan):| .

22y
5) BS-UE Outage Probability ®4 sy: The asymptotic ex-
pression of ®4,; is given by

1

2
why = 5 (o) e = oo ) o

2Am

By substituting (43), (44), (50), (55) and (56) into (9) and
then into (10), the overall asymptotic outage probability of
the whole system can be obtained.

6) Joint HAP-BS and HAP-UE Outage Probability
i3t B@ﬁU: Similarly, we re-calculate the asymptotic expres-
sion of ®4 ;@4 considering the influence of dy and Oy
on dyp and d}IU jointly. By taking advantage of (47) and
(53), 4 zP4,; can be derived in (57) on the top of next

2

. o . n KeUe
page, where 01 = egey; o2 = 2,\;’ 93 = 3G =
Nt KeZ el n*(K—1)eve n*(K—Dej €j
— N Reyep. — A\ )PUCR. — LA JRUTB .
04 = “oxi > 05 = it > 06 = 0 ’
P = WWW—GXP( K) and F3 (-, ) is given by
k+21+1+J+2m

k+2z+2+g+2m

—k .
where Spy = T Z ( )Qk 12 (mi_k)rng_k_z

i=0
3 ()2 S (5 and F

-) is given as

27
F3(a,b) = St / sin* T (0 ) cos® R (0)d0y
0
s Fsi(k+ia+b—k—1i), a+b—k—iiseven
T o, a+b—k—iisodd
(59

a

b
where St = 3 (3) > (; )yHByHUxHBkIZI)LIU’ and F31 (-,)

k= 1=0
is defined as
(b—1) /2” W
b) = d
Far (o) = ey ), @de
B (b—1)! % a is even
(b+a)b+ta—2)...(a+2) | o, a is odd
(60)
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E. Analysis for More General Channel

In practice, the fading channel models among HAP, BS and
user are mainly dependent on the distance and propagation
environment. In general, they can be all modeled by the
Rician distribution with the Rician shape parameter K (d;),
j € {HB,HU,BU}. The Rician shape parameter K (d;)
is defined as the ratio of the power of the LoS (specular)
component to the average power of the scattered components.
The Rician shape parameter K (d;) is related to the distance
d; and propagation environment. For simplicity, we treat
K, (d;) as a function of d; in the following analysis. The
case K (dj) = 0 corresponds to the most severe fading, and
in this limiting case, the gain magnitude is said to be Rayleigh
distributed. Under these assumptions, the PDF of the channel
gain of channel j, j € {HB, HU, BU} can be re-expressed
as

fo, 00 = e (1A + K (@) o (20K (@)1 )
(61)
where 7; = ng is the LoS parameter reflecting the
strength of the LoS path; §2; is the variance of the signal for
channel j.
1) HAP-BS Outage Probability ®$, 5: Considering the dis-
tribution of d’; 5, the outage probability between HAP and BS
can be expressed as

¥ =1-

/ @ (VR )i () VX7 i, ()
JR(x
G

where R (d; p) means the domain of fy, () and ngp (v) =

1+KHB(CE)
Qup

2) HAP-UE Outage Probability CI> < Similarly, consider-
ing the distribution of d’;;, the outage probability between
HAP and UE can be expressed as

q) U—l*

/R< )Q1 ( 2K gy (z),nav0 () >\HUIL‘”HU) fay,, () dz
(63)

where R (d’;;;) means the domain of fg; () and nyu (z) =

1+KHU(ZL’)
Quu

3) BS-UE Outage Probability ®%,;: Since the dpy is
assumed to be fixed in the SAGIN model, ®%;, can be
obtained as

PGy =1- Q1 ( 2Ky (dv),nBu (dBU) \/m) ,
(64)

where nBU( ): /1+KBU(dBU)
4) Joint HAP-BS and HAP UE Outage Probability

oG B@%U. By adopting the expressions of ® ;5 conditioned
on dyp(dy,0n) and @y conditioned on dyy (dy,0m),
and removing the randomness of djp(dy.f0y) and
dyyr (d, 0m), G 5%, can be determined in (65) on the
top of the next page.
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(I)gB(I)éU 2 )\2 exp

)S’nB (dHU)’rL +0_4 (dHB)SnB (dHU)QnU

+ o5 (d%

r 27
/ H/ du o1 (d5)"" ()" = o2 (dfi5)"" (dF0)™"
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(57)

R 270 d]]
G G
apPhy :/ /
o Jo 7T’H

X {1 — @1 (\/QKHU (dyy (di,0m)), nav (dyy (di, 0m)) \//\HUd/HU (du, HH)HHUH dfpddy.
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(65)

IV. OPTIMIZATION OF THE SPATIAL DISTRIBUTION OF
HAP

As shown in the previous analysis, the HAP, acting as an
intermediate node with mobility, bridges the satellite com-
munications and terrestrial communications and is of key
importance. It is thereby worth investigating the impact of
its mobility on the system outage performance of SAGIN. In
this section, we study the optimization problem of the spatial
distribution of HAP.

The optimization problem can be formulated as

Find: rg
Minimization : T
Subject to: rg > 0.

(66)

It can be easily found that rz only has an influence on &y
and @ ;. Thus, the objective function is reduced to Oy =
¥y + U3 4 Uy, which can be re-expressed as
Onew = \Ill + \113 + \IJ4
=(1-Psy)(1 —Psp)PruPpy

+(1—®sp)Psp(l — Pyp)PruPpy  (67)
+(1—Psu)PsPuPrHu
=0, Py + P2PupPhuy,
where @ = (1 — (I’SH)‘I)BU and &, = (1 —

D5y )Psp (1 — Ppy). Thus, the optimization problem be-
comes

Find: rg
Minimization : ®1Pyy + PoPyPyy, (68)

Subject to: rg > 0.

By observing the objective function, we should find rg to
minimize ® ;5 and ® . Since the obtained expressions for
®yp and @y are mathematically intractable, we must find
another alternative objective functions to approximate ®p
and @y and provide a suboptimal solution instead. Based
on the definition shown in (15) and (29), ®yp and ® gy can
be re-expressed as

Pup=1-Eq, {GXP (—e“@%(d/]g[})%) } ,  (69)

and

(d?lU)nHUEUN()) } ,  (70)

(I)HU =1- Ed/HU {exp < PH

where E;, »,,.. {-} denotes the mean of the enclosed ex-
pression averaged over random variables z1,x2,..., and we
let E{-} = E,{z} for simplicity. Then, we formulate an
alternative optimization problem to approximate the original
optimization problem by replacing all instantaneous d’; 5 and
d’yy by their averages as follows:

E{dfp} =71z + Ea, {di} + 2y Eay .0, {da sin(0m)}
+ 225 BEq,; 0, {dr cos(0m)}

r2

=TzB + 7H,
(71)
and
2
E{dfy} =rzv+ 2 (72)

5
Thus, we obtain the substitutions of ® 5 and ® gy as

7’
new — 1 —exp (—e”@ (rzp + 7H) “> , (73)

and

2
+ TH\nHU N,
B — 1 exp (-“ZU 33) v 0) G2
H

It is obvious that @77 and ®%7; increase as rpy increases.
Thus, the new objective function formulated by ®;®%77 +
O, E Y would also decrease as ry decreases. Conse-
quently, the suboptimal solution of 7z should be as small as

possible, which will be verified in Section V.

V. NUMERICAL RESULTS

In this section, we present the numerical results produced by
Monte Carlo simulations to verify the correctness of our anal-
ysis. Following the parameters adopted in [44]-[46], the main
parameters in our simulations are set as: bgsg = bgy = Qsp =
QSH =15 dB, msp = Msyg — 2, QHB =35 dB, K =-10
dB, nsp = nsy = ngp = ngy = npy = 2, Ng = —%
dBW, €EB — € = €y = 1 dB, rg = 2000 m, (Is,ys,ZS) =
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Fig. 6: System outage probability versus Ps.

(8371,8371,9371000), (xg,ym,zm) = (178,145,20000),
(zB,yB,28) = (100,21,0), (2v,yu, zv) = (223,293,0).

First, we show the impacts of the transmit power at GEO,
HAP, and BS in Fig. 6. This figure illustrates the curves of the
overall system outage probability for various Py and Pg. It is
easy to observe that outage probability can be improved when
the transmit power increases. However, an outage probability
floor exists for each link in the high power regime, since
the outage probabilities of HAP, BS, and UE links dominant
the outage probability of the SAGIN system only when ® gy
and ®gp are small. Moreover, under the identical Shadowed-
Rician fading, the outage performance of the HAP-UE link
and BS-UE link introduces a similar influence on the overall
outage probability, when the HAP-BS link does not bring
an apparent performance gain. In practice, user mobility is
another critical issue which more or less affects system per-
formance [47]. We also compare the system performance of
the SAGIN system considering UE’s mobility similar to that
of HAP within radius r; = 200 m. This scenario is labeled as
SAGIN-R in Fig. 6. Observing the simulation results compared
to the scenarios without considering UE’s mobility, we can
find that the displacement of UE with a small radius does
not greatly impact the outage performance because the radio
propagation distance is much larger than the displacement of
UE.

As shown in Fig. 7, the impact of Ps on the five outage
cases is observed. We can see that ®; increases as Ps increases
until it reaches a floor. The reason is that a higher transmit
power at GEO brings a higher probability that HAP and BS
could decode information correctly, but it is bounded by the
outage probability of the HAP-UE and BS-UE links. ®5-®3
experience increasing but then decreasing because all three
cases consider one of GEO-UE or GEO-BS links is failed
while the other one is successful. When the transmit power is
small, the probability of successful transmission plays the main
role since the outage probability is close to 1. Conversely, the
probability of failed transmission plays the main role as the

o
o
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W, simulation
Wy, simulation

+
A
¢ U3, simulation
o
*

W, simulation

10°®
W5, simulation
Analysis
10 -7 1 1 1 1 1 1
25 30 35 40 45 50 55 60
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Fig. 7: Outage probability for each link versus Pg with Py = —5
dBW Pp = —30 dBW.

transmit power is high enough. Since ®sp and ® gy decrease
as Pg increases, @5 = PPy also decreases.

In Fig. 8, we plot outage probability versus rpmy with
various path loss exponents of the HAP-BS and HAP-UE
links when (zp,ym,zr) = (178,145,20000). We can see
that outage probability decreases as rp decreases and reaches
the minimum value when r g reaches the smallest value under
the condition that the path loss and the distance between HAP-
BS and HAP-UE links are moderate. Meanwhile, by changing
the HAP position to (xg,ym,zg) = (5780,145,100) in
Fig. 9, the minimal outage probability does not occur when
ry takes the smallest value. It should be noted that the
obtained solution to the formulated optimization problem is
not the optimum, and the optimum may not be the smallest.
However, since the height of HAP is around 20-25 kilometers
in practical SAGIN systems, a small variation of ry will
not make much difference in the distance between HAP and
BS/UE so as the system outage performance. Therefore, the
obtained outage performance can be regarded as near-optimal,
and the difference between the optimal outage probability
and suboptimal outage probability is trivial. It can also be
explained by the fact that the distance between HAP and BS,
as well as the distance between HAP and UE, become longer
with a higher probability when HAP is allowed to move within
a broader area. Moreover, outage probability achieves an upper
bound as 7 increases since ¥ g and ¥ g are close to 1, and
outage probability mainly depends on the performance of the
remaining link. It is apparent that the path loss exponents have
dominant impacts on the outage performance of the SAGIN
system.

As depicted in Fig. 10, the asymptotic results for the outage
probability obtained in Section III-D can accurately match the
simulation and analysis in the high SNR regime. Compared
to the results shown in Fig. 6, the first and the second
transmission slots play different roles as the transmit power
at GEO changes. The second transmission decides the outage
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Fig. 8: System outage probability versus vy with Ps = 50 dBW,
Py =20 dBW and Pgp = —15 dBW.
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Fig. 9: System outage probability versus 7y with Ps = 50 dBW,
Py =10 dBW and Pgp = —20 dBW.

floor when the transmission over the GEO-HAP and GEO-BS
links achieve satisfying performance in the high power regime.
The better the transmission in the first slot is, the higher the
slope in the low power regime will be.

In addition, the direct link between GEO and UE might exist
and bring a further performance gain [48], [49]. To be compre-
hensive, the performance compared to the SAGIN system with
a direct link between GEO and UE (SAGIN-D) is shown in
Fig. 11. We can see from this figure that there is a performance
gap in the high Pg regime because the outage performance of
the GEO-UE link gets better as Pg increases. Theoretically,
the outage probability of SAGIN-D can be calculated by the
outage probability of the direct link multiplying the derived
outage probability of the SAGIN system without considering
the direct link, that is, Pr{vsy < ey} Y. Therefore, when
the signals are propagating over the direct link experience

Outage Probability
=

¥ bsy = 15dB, bsp = 15dB, simulation
bsy = 20dB, bgp = 15dB, simulation

2 bsy = 15dB, bgp = 20dB, simulation

4+ bsy = 20dB, bsp = 20dB, simulation

Analysis

= = = Asymptotic
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Fig. 10: System outage probability versus Ps with Py = 10 dBW
+Ps and Pgp = —30 dBW +Ps.

severe attenuation, SAGIN’s outage performance is close to
that of SAGIN-D. In other words, our derived expression can
be treated as a lower bound on the outage probability for the
SAGIN-D system.

In Fig. 11, we also demonstrate the effects of channel
estimation errors. Although we assume that the CSI is per-
fectly known for performance analysis, the CSI mismatch
caused by channel estimation errors in practice will worsen
the system performance [50]. Hence, the performance of
the proposed system under imperfect CSI should be probed
into. Assuming UE uses the outdated CSI to carry out the
SC scheme, the outdated channel gain can be expressed as
iLj = Veh; + V1 —ew;, where j € {HU,BU}; € is the
correlation coefficient between h; and h;; w; is a random
variable with the same distribution as h;. Observing the
results corresponding to different values of ¢, We can find
that outdated/imperfect CSI greatly weakens the system outage
performance and can even result in an outage floor in the high
power regime.

The achievable data rate of the SAGIN system is shown in
Fig. 12. It should be noted that the data rate of the SAGIN
system should be discussed and simulated by two parallel
cases:

1) The link between GEO and BS is available with proba-
bility Pr {ysp > e} with the end-to-end SNR 7! =
max {min {vsp,vpu}, min{ysy,vyguv}} at the user;

2) The link between GEO and BS is not available with
probability Pr{vsp < eg} with the end-to-end SNR
vgnd = max{min{yyp,vsuv},min{ysy,yav}} at
the user.

It is clear from Fig. 12 that as Pg increases, the achievable data
rate decreases first and converge towards the same value for
different e 5. This non-monotone trend is caused by the differ-
ent dominant factors over the entire power regime. Specifically,
the data rate is dominated by vy 5 and g of the second case
in the low Pg regime, while it is dominated by vprr, Vs, YHU
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Fig. 12: Achievable data rate versus Ps with Py = 10 dBW and
Pp = —20 dBW.

in the high Ps regime. Besides, we can also observe that a
higher SNR threshold at BS can improve the data rate in the
low Pg regime, since it increases the probability of the second
case that is more reliable and can provide a higher data rate.

Moreover, we make a comparison with a standard bench-
mark system called the GEO-BS-UE (GBU) system, where
there are only GEO-BS and BS-UE links without the assistant
of HAP. For fair comparison in performance, we assume GEO,
BS, and UE located in the same position, and GEO-BS and
BS-UE links experience the same fading as in our proposed
SAGIN system. As can be seen in Fig. 13, SAGIN greatly
outperforms GBU in terms of outage performance with the
additional 1 dBW transmit power at HAP. With the same Pp,
the GEO in GBU needs about 8 dBW extra power to achieve
the same 0.1 outage probability as SAGIN. It shows that
GBU consumes more power to gain better outage performance,
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Fig. 13: System outage probability versus Ps with Py = 1 dBW.
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Fig. 14: Consumed time of 1 bit information transmission versus Ps
with Py = 10 dBW.

which also verifies the superiority of our proposed SAGIN
system.

In the final experiment, we compare the transmission time
for 1 bit information of our proposed SAGIN network with
the GBU network in Fig. 14. With additional HAP-BS and
HAP-UE links, the SAGIN system consumes much less time
than the GBU system. The consumed time of both systems
approaches a floor as Pg increases. However, the achieved
floor of the SAGIN system is much lower than the one of the
GBU system because of the improved performance brought
by the HAP. Although the GBU system could transmit the
same bit information within a shorter time with better channel
condition than the SAGIN system in the low Pg regime,
it will be surpassed by the SAGIN system in the high Pg
regime. It also shows that the GBU system needs about 5
dBW or more transmit power at the satellite to achieve the



same transmission time consumed by the SAGIN system.
This is highly undesirable because satellites have limited
sources of transmission energy, and most of them might not
be rechargeable.

VI. CONCLUSION

In this work, we analyzed a SAGIN system from the
cooperative perspective, where the cooperating HAP and BS
assist the transmission from GEO to UE. All outage scenarios
were presented with classified space channels, aerial channels,
and a terrestrial channel. Taking the HAP mobility into con-
sideration, we analyzed the system outage performance from
the perspective of each link. The approximated and asymptotic
closed-form expressions for outage probabilities of each link
have been derived as well as the outage probability of the
SAGIN system. After that, we studied the outage performance
optimization problem by finding the maximum placement
distance of the HAP. Due to the mathematical intractability
of the original objective function, we proposed an alternative
optimization problem, which is capable of providing sub-
optimal solutions with low complexity. The correctness of
the outage performance analysis has been verified through
Monte Carlo simulations. Through a fair comparison with the
benchmark GEO-BS-UE system regarding outage performance
and transmission time, we revealed the superiority of our
proposed SAGIN system.
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