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Abstract—Due to the emergence of non-terrestrial platforms
with extensive coverage, flexible deployment, and reconfigurable
characteristics, the hybrid satellite-aerial-terrestrial networks
(HSATNs) can accommodate a great variety of wireless access
services in different applications. To effectively reduce the trans-
mission latency and facilitate the frequent update of files with
improved spectrum efficiency, we investigate the performance
of cache-enabled HSATN, where the user retrieves the required
content files from the cache-enabled aerial relay or the satellite
with the non-orthogonal multiple access (NOMA) scheme. If the
required content files of the user are cached in the aerial relay,
the cache-enabled relay would serve directly. Otherwise, the user
would retrieve the content file from the satellite system, where the
satellite system seeks opportunities for proactive content pushing
to the relay during the user content delivery phase. Specifically,
taking into account the uncertainty of the number and location
of aerial relays, along with the channel fading of terrestrial
users, the outage probability and hit probability of the considered
network are, respectively, derived based on stochastic geometry.
Numerical results unveil the effectiveness of the cache-enabled
HSATN with the NOMA scheme and proclaim the influence of
key factors on the system performance. The realistic, tractable,
and expandable framework, as well as associated methodology,
provide both useful guidance and a solid foundation for evolved
networks with advanced configurations in the performance of
cache-enabled HSATN.

Index Terms—Stochastic geometry, non-orthogonal multi-
ple access, hybrid satellite-aerial-terrestrial networks, content
caching.

I. INTRODUCTION

OWING to the inherent advantages in terms of ubiquitous
coverage, high throughput, and extreme resilience, hy-

brid satellite-aerial-terrestrial networks (HSATNs) have been
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regarded as an emerging architecture by integrating the satel-
lite systems, aerial platforms, and terrestrial infrastructures
in the next-generation wireless networks for enhanced mo-
bile broadband (EMBB) or three-dimensional integrated com-
munications (3D-InteCom) [1]–[3]. The main motivation of
HSATNs is that the obstacles and shadowing between the
satellite and the terrestrial terminal may make line-of-sight
(LoS) communication difficult to maintain [4]–[8]. The emer-
gence of aerial platforms, such as unmanned aerial vehicles
(UAVs), airships, and balloons, provides a promising solution
for improving the scalability of hybrid networks, where the
aerial layer acts as carriers for information acquisition, trans-
mission, and processing. In the European FP7 ABSOLUTE
program [8], the HSATN is pursued to satisfy the requirement
of the network capacity through the combination of satellite,
aerial/terrestrial communication links. Although the HSATN
has advantages in terms of coverage and ease of rapid deploy-
ment, the transmission latency is an unavoidable problem for
HSATNs due to the long distance between satellites and aerial
or terrestrial terminals [8]. Besides, with an increasing number
of devices, the scarcity of spectrum resources has gradually
become an important issue [5], [9].

A. Background and Motivation

With advances in the launch technologies as well as minia-
turization of the satellite, the academic and industrial com-
munities have put great efforts into developing new platforms
offering more capacity to enable richer user cases and ap-
plications [10]. The demand for infotainment services has
experienced an unprecedented increase over the last decade
[7]. Therefore, the effective content distributions in the case
of rural areas or underdeveloped countries certainly entail an
important engineering effort in future satellite communication
trends, especially collaborating with 5G infrastructure [11].
However, the current satellite Internet architecture is founded
upon a host-centric communication model, such as Internet
Protocol (IP)-based architectures [12]. The host-centric net-
works cannot guarantee the service continuity as well as proper
handling of different content distributions services with high
levels of quality of service (QoS)/quality of experience (QoE)
[13] [14].

To address this problem, the advent of information-centric
networking (ICN) architectures [15] has prompted the shift
of traditional networking towards a content-oriented concept,
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which can be directly implemented to the existing content
delivery networks [16]. By defining information at the network
layer, ICN favors the deployment of the in-network content
caching mechanism, which facilitates the efficient and timely
delivery of information to the users [17]. Content caching is
one of the most important approaches in ICN architecture,
where the popular contents are proactively cached on nodes
with caching capabilities. Users can obtain the required content
at the nearest node to reduce transmission latency. Moreover,
the excessive propagation delay, as the inevitable long dis-
tance can also be effectively alleviated in HSATNs. Hence,
through incorporating content caching enabled aerial relays
into HSATN, both wide coverage area and lower transmission
delay can be achieved.

As a novel paradigm of multiple access techniques, non-
orthogonal multiple access (NOMA) transmits signals simul-
taneously in the same time/frequency resource block, which
can be separated at receivers with successive interference
cancellation (SIC) [18]–[21]. It encourages spectrum shar-
ing among multiple users, instead of occupying orthogonal
resource blocks as in orthogonal multiple access (OMA)
[22]. Therefore, NOMA can significantly improve spectral
efficiency, reduce transmission delay, and support massive
connectivity. The incorporation of the NOMA scheme into
HSATN is a promising direction to address some inherent
problems.

B. Related Work

A two-layered hybrid satellite-terrestrial relay network
(HSTRN) is designed in [23]–[28] for the seamless inte-
gration of satellite with terrestrial components, which has
been demonstrated as a simple yet effective architecture with
improved reliability and coverage. In the foundation of au-
tonomous working and mutual integration, HSTRNs integrate
the advantages of satellite networks which could provide long
transmission distance, wide coverage without the limitation
of surroundings with terrestrial networks that have large net-
work capacity and high rate. ITU-R S.2222 standard [8] is
proposed to a cross-layer design based on HSTRN to provide
multimedia services and ensure the user QoS requirements.
However, the terrestrial relay can be blocked by obstacles
and shadowing. As an extension, HSATN is further proposed,
where the high and low altitude platforms (HAPs & LAPs)
can provide broadband services complementing the terrestrial
networks [29]. Compared with base stations or the relays in
the terrestrial network, the aerial network has the features
of low cost, easy deployment, and large coverage to offer
wireless access services on a regional basis [30]. In recent
years, we have witnessed a rapid proliferation of unmanned
aerial vehicles (UAVs) in all areas due to the advance in their
payload capacity and prolonged battery life. There exist some
low cost-cost ways to provide a long time seamless coverage,
for example, unmanned airships, high-altitude balloons, and
solar-powered drones [31], [32]. One of the famous tests is
Project Loon by Alphabet Inc. [33].

The paper in [3] presented a comprehensive review of
recent research works concerning space-air-ground integrated

networks (SAGINs) from network design and resource allo-
cation to performance analysis and optimization. The paper
in [8] proved that HSATNs could provide better services
than traditional infrastructures during the emergency, in which
the HSATNs were surveyed and the key technologies were
discussed from several aspects. A cooperative satellite-aerial-
terrestrial system was considered in [34], considering the
randomness of satellite and users and employing stochastic ge-
ometry, where the coverage probability in non-interference and
interference scenarios was studied, and the outage performance
was investigated. The paper in [4] investigated transmission for
HSATNs from an energy-efficient perspective, where a multi-
antenna UAV was employed as a relay to assist the satellite
signal delivery. The authors in [5] were the first to study
the cross-layer gateway selection problem for data delivery
in the HSATN communication architecture with the practical
inter-layer link capacity constraint, which achieved in such
integrated network the best data delivery performance across
multiple layers.

Wireless caching has been proved to be an efficient approach
to enhance the system performance with respect to delay, QoS,
and QoE for satellite communication [35], [36]. Particularly,
the paper in [36] has justified the significant performance
improvement of satellite-based overlay caching for terrestrial
content delivery networks. The authors in [11] have ana-
lyzed content delivery over satellite integrated cognitive radio
networks, which focused on throughput, energy efficiency,
and quality as key performance metrics in the heterogeneous
system. To alleviate the spectrum shortage and meet the
requirements of improved spectral efficiency, the authors in
[37] first proposed the cache-enabled relay in HSTRN, which
confirmed the substantial performance improvement through
caching capability. However, this paper only considers the
uncertainty of the channel fading. As far as we know, there
is currently no work to derive performance analysis while
considering channel fading, the uncertainty of the number and
location of relays in HSTRNs or HSATNs.

The NOMA scheme has been diffusely investigated in
hybrid satellite-terrestrial networks (HSTN) from increasing
the spectrum efficiency perspective [38]–[43], which proves
the feasibility and effectiveness of the NOMA scheme in
HSTN. The authors in [38] investigated the NOMA in the
land mobile satellite system and gave the outage performance
of the proposed system model. [39] and [40] implemented the
NOMA scheme into cooperative spectrum sharing in HSTN
for single relay and multiple relays, respectively. The paper
in [41] and [42] introduced the NOMA scheme in HSTRN.
The authors in [43] applied the NOMA-based scheme by
integrating terrestrial networks and the satellite cooperatively
to provide coverage for ground users while reusing the en-
tire bandwidth. However, there is no prior work analyzing
the performance of the NOMA from a stochastic geometry
perspective in HSTNs.

The current proactive caching strategy assumes that the
contents can be pushed to cache-enabled relays during the
off-peak time in an error-free manner [44]. However, this
content cache strategy is not applicable if caches need to be
frequently updated or rapidly changing files, including latest
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news, electronic commerce promotion with frequent pricing
changes, newly released music videos, etc., especially via
satellite transmission [35], [36]. Taking full advantage of the
features of NOMA, additional files can be pushed to the aerial
relays simultaneously, i.e. the satellite could seek opportunities
for content pushing during the content delivery phase by the
NOMA scheme. This strategy is important to efficiently use
the limited resources reserved for content pushing, which
facilitates the frequent update of the files cached at the aerial
relays and improves the cache hit probability. Besides, the
utilization of NOMA not only improves the reliability of
content delivery but also ensures that more user requests can
be served during the content delivery phase.

The deterministic and location-based models that have
previously been applied to analyze hybrid satellite-aerial-
terrestrial networks (HSATNs) are typically restricted to sup-
port simple network topology [34]. However, with the increase
in the number of user terminals and the uncertain distribution
of locations, the wireless network topology gradually shows
the characteristics of randomization and dynamic network
[18], [45]. To make the theoretical analysis as close to reality
as possible, it is no longer possible to accurately characterize
the characteristics of random networks based on determining
the network topology. In recent years, the use of Stochastic
Geometry to describe the randomness of the spatial location
for nodes in wireless networks has been recognized by the
industry [46], [47], which can characterize network interfer-
ence and analyze average performance from a mathematical
perspective. The biggest advantage is that when the nodes in
the network obey a specific random distribution. Stochastic
geometry plays a vital role in evaluating the system-level
performance of wireless networks, where random spatial point
patterns describe the nature of wireless systems statistically
[48]. Therefore, we take the uncertainty of the channel, the
number, and the location into consideration to evaluate the
performance of the cache-enabled HSATN.

C. Contribution and Organization
Motivated by the above observations, this paper investigates

the stochastic geometry-based performance of cache-enabled
HSTRN with the NOMA scheme. The main contributions of
this paper are summarized as follows:
• 1) Modeling the cache-enabled HSATN with NOMA:

A generic framework of cache-enabled HSATN is first
modeled, where the user would retrieve the required
content files. If the required content is not cached in
the aerial relay, the user tends to retrieve the content file
from the satellite, where the satellite simultaneously seeks
opportunities for proactive content pushing to the relay
during the user content delivery phase by applying the
NOMA scheme. Due to the heterogeneity of different
layers with various physical mechanisms, the propaga-
tion properties and mobility are considered for modeling
and constructing the channels between each layer. The
proposed framework can achieve enlarged coverage areas
with increased spectrum efficiency and reduced latency.

• 2) The performance metric: For retrieving the con-
tent files from the satellite, the QoS requirement-based

NOMA power allocation strategy is first proposed, which
guarantees that the retrieved content files of the user can
decode the required files in the aerial relay of the user1.
Specifically, the outage probability and hit probability
of the user and cache-enabled aerial relays are derived
for the proposed power allocation strategy. For retrieving
the content files from the cache-enabled relay, the aerial
relay serves users with transmission requirements by
the NOMA scheme, where the co-channel interferences
from other aerial relays are also taken into account.
Particularly, a mathematical tractable expression for the
outage probability of the user is derived in closed-form.

• 3) System design guidelines: We investigated the impact
of the different parameters including the sequence number
of the cache-enabled aerial relay, the transmission power
of the satellite, the intensity of aerial relay and the content
popularity parameter for retrieving the content files from
the satellite, and the transmission power of aerial relay
and the content popularity parameter for retrieving the
cache-enabled relay. Both simulated and analytical results
are provided to validate the effectiveness of the cache-
enabled HSATN with NOMA and proclaim the influence
of key factors on the performance.

• 4) Comparison with OMA: We investigate the superiority
of the NOMA scheme in the HSATRN with the proper
NOMA power allocation coefficient in terms of outage
probability of the user and hit probability of the cache-
enabled aerial relay.

The rest of this paper is organized as follows. Section
II presents the stochastic cache-enabled in HSATNs with
stochastic geometry and formulates the signal transmission
inspired by the NOMA scheme. Section III and Section IV
derive the key performance analysis for retrieving the content
files from the satellite and the cache-enabled relay, respec-
tively. Section V illustrates the simulation results. Finally,
conclusions are drawn in Section VI.

II. PROBLEM STATEMENT

A. System Model

We consider a HSATN with heterogeneous preferences, in
which multiple users request contents with the help of the
satellite and multiple cache-enabled aerial relays, where all
nodes are equipped with a single antenna and work in the
half-duplex mode. If the request content is not cached in the
aerial relay, the user tends to request the content from the
satellite as shown in Fig. 1(a) on the next page, where the
satellite can obtain the contents of the entire network from
the network control center (NCC) through gateway station
connecting to the core network [11], where the NOMA scheme
is implemented for delivering content for the user and pushing
other currently most popular content to cache-enabled aerial
relays simultaneously. Otherwise, the users request the content
from the cache-enabled aerial relay to retrieve the content with
alleviated transmission delay, as shown in Fig. 1(b) on the next
page, where the NOMA scheme is implemented in each cell

1The aerial relay retransmits the required content to the user in the next time
slot, which avoids the transmission latency from the satellite in retransmission.
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(a) System model for retrieving the content files from the satellite.
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(b) System model for retrieving the content files from the cache-
enabled relay.

Fig. 1: System model

to increase spectrum efficiency. The users retrieve the content
from the relay if the required files exist [37]. This paper mainly
considers the downlink of the user content retrieving.

Without loss of generality, we consider that the distribution
of cache-enabled aerial relays on a two-dimensional area,
covering a circle with radius D, is a homogeneous Poisson
point process (HPPP) with an intensity of λ and denoted by
Φc. The height of the aerial relays is Ha. The m-th neighbor
cache-enabled aerial relay from the beam center is denoted by
Rm. Moreover, we consider the relay is the parent node of
the cluster covering a circle whose radius is denoted by R,
where the spring users are uniformly distributed in the circle.
We assume that there are K users associated with Rm, and
the k-th user is denoted by Um,k.

B. Satellite-Link Propagation Model

The propagation factors of satellite links include the free-
space path loss, the satellite antenna gain, the receiver antenna
gain, the shadowing and channel fading as well as the other
loss. The channel gain G of LoS is given by

G =
GRGS (θ) fε

(4πH/λc)
2 , (1)

where ε denotes the elevation angle from the receiver to the
satellite, H is assumed to be the same as the satellite height
for simplicity, λc denotes the wavelength, and fε denotes the
other loss of the receiver. GR is the receiving antenna gain.
For simplicity of analysis, we consider the receiver antenna
gains of the user and the aerial platform are fixed, where one
of the typical scenarios is that the receiver antenna points in
the direction of the satellite. According to ITU-R S.1528 [58],
the LEO satellite antenna gain GS [dBi] is given by

GS (θ) =


Gs,max − 3

(
θ
θb

)2

0 6 θ < 1.5θb

Gs,max + Ls − 25 log
(

θ
1.5θb

)
1.5θb 6 θ < Y

0 Y 6 θ < 180o

,

(2)
where Gs,max is the maximum gain at the on-board antenna
boresight, LN = −6.75dB, a = 2.58, b = 6.32, Y =

bθb100.04(Gs,max+LN ) by ITU-R S.1528, θb is one-half of θ3dB ,
i.e. θb = 0.5 arctan (L/H), L is the half-power beamwidth,
θ represents the angular position from the receiver to beam
center with respect to the satellite, which can be written as
θ = arctan (d/H), where d is the distance between the beam
center and the receiver. For H � L and H � d, θ/θb
is approximately expressed as θ/θb ≈ 2d/L. Therefore, the
directional beam of the satellite is highly on the position of
the aerial relay by d, which can be rewritten as Gs (d)2.

The shadowing and channel fading of satellite link are
considered to follow the Shadowed-Rician fading model [49],
which is mathematically tractable and has been widely applied
in various fixed and mobile satellite services for a variety of
frequency bands. The probability density function (PDF) of
|h|2 is shown as [40], [50]

f|h|2 (x) = α exp (−βx)1F1 (q, 1, δx) , (3)

where h is small scale fading of the satellite link, 1F1 (·, ·, ·)
denotes the confluent hypergeometric function and α =

(2cq)q

2c(2cq+Ω)q , δ = Ω
2c(2cq+Ω) , and β = 1

2c , with 2c being the
average power of the scatter component, Ω being the average
power of the line-of-sight (LOS) component, q being the
Nakagami fading parameter. The corresponding cumulative
distribution function (CDF) of |h|2 can be obtained as [51]

F|h|2 (x) = α

∞∑
k=0

(q)kδ
k

(k!)
2
βk+1

Γ (k + 1, βx) . (4)

We consider that the altitude of the aerial relays is suffi-
ciently large without the shadowing and obstacles, such as
Balloons3. Therefore, the channel gain between the satellite
and the aerial relay Rm is Gm = G. For the user Um,k, the
line-of-sight satellite communication systems are vulnerable to

2Because the height of the LAP is invariant, we can hereby reduce the
stochastic model within the aerial layer to two-dimensional. Compared to the
distance from the beam center to aerial relay, the height of the LAP can be
ignored.

3We consider that the Doppler Frequency Shift, caused by the mobility of
the satellite, can be estimated and mitigated by the mature pre-compensation
method for users [52]. Besides, since the movement of the aerial relay is slow
when serving users, the Doppler shift is assumed to be well compensated,
which has a negligible impact on the HSATN system [53].
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be blocked by shadowing or obstacles. Therefore, the channel
gain between the satellite and user is Gm,k = G|hm,k|2 [39].

C. Aerial-Terrestrial Link Propagation Model

The signal transmission of the aerial-terrestrial link is con-
sidered to experience the LoS propagation, however, it still
may be blocked by buildings and bushes. Therefore, the radio
signal attenuation probabilistically follows LoS propagation
with a lower path-loss exponent and Nakagami-m small-scale
of fading.

The PDF of the channel power gain between P -th aerial
relay Rp and the user q is given as [54]

fHP,q (x) =
1

Γ (mA) (θP,q)
mA

xm
A−1e

− x
θP,q , (5)

where mA is the fading severity, which is assumed as integer
values in this paper, θP,q is the average power, Γ (·) denotes
the complete gamma function4.

D. Content Caching Model

We consider that the M files, required to be cached in
the relay, are collected in a finite content catalog F =
{f1, · · · , fm, · · · , fM}. According to the statistic of the pop-
ularity of the content, a large fraction of requests occurs for
a relatively small fraction of the content, which implies that
some contents are popular and requested with high frequency
by different users [37]. We consider the popularity of the
requested files obeys the Zipf distribution for different aerial
relay. Hence, the popularity of fm in i-th aerial relay is given
by [56]

Pi (fm) =
m−γi∑M
l=1 l

−γi
, (6)

where γi > 0 denotes the shape parameter defining the
content popularity skewness of i-th aerial relay. To be noticed,
a large γi means the requests on the high popularity files,
whereas a small γi is related to the requests with heavy-tailed
popularity [37]. Notably, the popularity of the content is the
probability of the requested file of relays5. Dissimilar from
conventional assumptions, we consider that each file has the
same length packets, while the information contained in the
packets of different files is nonidentical. The reason is that
packets belonging to dissimilar files have distinct priorities
and QoS requirements, which requires the use of different
transmission rates for each packet. Specifically, the required
data rate for fm is Rm.

4We consider that all channels are assumed to experience independent
and identically distributed (i.i.d.) fading and follow quasi-static fading, i.e.
the channel gains remain constant within each transmission block but vary
independently between different blocks [37], [55].

5The popularity of the content files is statistically calculated. The interest
of different users may be different, which can be adjusted by multiplying an
interest factor. Therefore, we apply the system level popularity as the request
probability of the users and aerial relays to proclaim the influence of key
factors on the system performance.

III. PERFORMANCE ANALYSIS FOR RETRIEVING
CONTENT FROM SATELLITE

If the required content files are not cached in the aerial
relay, the satellite would serve the user directly. To improve
the spectrum efficiency and increase the frequency of cached
file updates, the NOMA scheme is implemented to deliver the
content for the user and push other currently most popular
contents to cache-enabled aerial relays simultaneously, which
can be seen as “add-on” transmission.

A. NOMA Signal Transmission

By exploiting opportunities for content pushing during the
content delivery phase, the satellite would serve the users di-
rectly and push the contents to the aerial relay simultaneously
by the NOMA scheme. To be emphasized, the satellite server
the user would not reuse the channel of aerial to the user to
avoid interruption of the satellite link. Hence, there is no co-
channel interference for retrieving content from the satellite.
The M most popular files belonging to the same library can
be pushed to all cache-enabled aerial relays. x0 and xi denote
the signal of the user Um,k and the i-th content file, where
E
[
|x0|2

]
= E

[
|xi|2

]
= 1. The received mixed-signal at z

can be expressed as

yz =
√
α0PSGS,zx0 +

M∑
i=1

√
αiPSGS,zxi + n0, (7)

where GS,z is the power gain between satellite and node z
the subscript z ∈ {Um,k, Rm}, PS is the satellite transmitter
power, and n0 is the AWGN with mean zero and variance
σ2

0 . α0 is the NOMA power allocation coefficient of the
user, αi denotes the power allocation coefficient of fi, where∑M
i=0 αi = 1. The receivers implement SIC to separate the

multiplexed signal.
According to the property of the NOMA scheme, the power

allocation factors and the SIC decoding order would directly
determine the performance of the users and relays [57]. We
consider that the decoding order of the received signal is from
f0 to fM according to the importance and popularity.

B. NOMA Power Allocation Strategy

If f0 could be successfully decoded on the m-th aerial
relay, the m-th aerial relay can retransmit f0 to the user
Um,k with less delay even the frequent heavy shadowing
happens between the satellite and the user Um,k. Therefore,
the following analysis is based on this strategy, which is named
the QoS requirement strategy.

If the ρG (dm) < R0, the file f0 cannot be decoded in the
m-th aerial relay. Therefore, the satellite would allocate all
power to the f0 to decrease the outage probability of the link
between the satellite and the user Um,k. If the ρG (dm) = R0,
all power is allocated to the f0 too. If the ρG (dm) > R0, the
remaining power could be allocated to other files to increase
the spectrum efficiency.
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Accordingly, the transmission rate of f0 in m-th aerial relay
is given as

R0
m = log

(
1 +

α0G (dm)∑M
i=1 αiG (dm) + 1

ρ

)
. (8)

Therefore, the power allocation coefficient of f0 in the satellite
is

α0 = min

{
1,
ε0 [ρG (dm) + 1]

ρG (dm) (ε0 + 1)

}
. (9)

Furthermore, the remain power coefficient αr of other files is
given as

αr = max
{

0, ρG(dm)−ε0
ρG(dm)(ε0+1)

}
. (10)

To simplify the notation, the new power allocation power
coefficient τn denotes the ratio of fn in Pr for n ∈ [1, · · · ,M ],
where αn = τnα

r. We consider τn is fixed, which can be
predefined by the priority or the popularity.

Lamma 1: The distance from m-th aerial relay and n-th
aerial relay to the beam center are dm and dn, respectively.
The joint PDF of dm and dn is given by

fdm,dn (x, y) = 4y(λπ)
n
e−λπy

2 x2n−1
(
y2 − x2

)m−n−1

(m− n− 1)! (n− 1)!
.

(11)
Proof: See Appendix A.
According to the QoS requirement of the m-th aerial relay,

we would investigate the performance of the aerial relay first.

C. The Performance of the Relay

In the QoS requirement strategy, f0 is required to be
successfully decoded in the m-th relay. Therefore, the outage
and hit probability are highly related to the probabilities of
α0, and their relation is summarized in Theorem 1 below.
The outage probability is defined as the probability that the
instantaneous SINR γk falls below a predefined threshold γth,
i.e.,

Pout (γth) = P (γk < γth) , (12)

where P (·) is the probability of the corresponding event.
Furthermore, the hit probability of n-th relay for the content
category F is defined as

Phitn =

M∑
i=1

Pn (fi)
(
1− P in

)
, (13)

where P in is the outage probability of fi.
Theorem 1: If the power allocation coefficient α0 makes

sure f0 exactly decodable in the m-th aerial relay, the n-th
aerial relay can successfully decode the f0 for ∀n < m and
the p-th relay cannot decode the f0 for ∀p > m.

Proof: The transmission rate of f0 for k-th relay is rewritten
as

R0
k = log

(
1 +

α0

1− α0 + 1
G(dk)ρ

)
. (14)

It can be observed in (14) that R0
k decreases monotonically

with dk. Due to n < m < p, and therefore dn < dm < dp, we
have R0

n > R0
m > R0

p. According to the assumption R0
m =

R0, there exist R0
n > R0 and R0

p < R0, i.e. the n-th relay can
successfully decode f0 while the p-th relay cannot decode f0.
Theorem 1 is proved.

If f0 cannot be decoded, the hit probability of each file for
p-th relay (∀p > m) would be 0 since SIC can not achieve.
Therefore, we mainly focus on the hit probability for m-th
relay and n-th relay (∀n < m).

Lemma 2: The outage probability of m-th cache-enabled
aerial relay of the f0 is given by

P 0
m = e

−λπ
(
G−1

(
ε0
ρ

))2 m−1∑
k=0

(λπ)
k
(
G−1

(
ε0
ρ

))2k

k!
, (15)

and the outage probability of m-th cache-enable relay of fi
for (i ∈ [1, · · · ,M ])

P im = e
−λπ

(
G−1

(
ε0
ρ +

(1+ε0)ηi
ρ

))2

×
m−1∑
k=0

(λπ)
k
(
G−1

(
ε0
ρ + (1+ε0)ηi

ρ

))2k

k!
,

(16)

where ηi = max
{
ε1
ω1
, · · · , εiωi

}
, and ωi = τi − εi

∑M
j=i+1 τj .

Proof: See Appendix B.
Lemma 3: If εM > ε0, the outage probability of n-th cache-

enabled relay of the f0 is given by

P 0
n = e

−λπ
(
G−1
n

(
ε0
ρ

))2 n−1∑
k=0

(λπ)
k
(
G−1
n

(
ε0
ρ

))2k

k!
, (17)

and the outage probability of n-th cache-enabled relay of the
fi for (i ∈ [1, · · · ,M ]) is given by

P in = P 0
m +

4(λπ)
n
e−λπy

2

(m− n− 1)! (n− 1)!

t−m−1∑
k=0

(−1)
k

(
t−m− 1

k

)

×
N∑
l=1

π (ϕ2 − ϕ1)

2N

√
1− ω2

l Z

(
ϕ2 − ϕ1

2
ωl +

ϕ2 + ϕ1

2

)
,

(18)

where ϕ1 = G−1
(

(1+ε0)ηi+ε0
ρ

)
, ϕ2 = G−1 (ε0/ρ), µ1 =

G−1

(
(1+ε0)ηi
ρ− ε0

G(y)

)
, Z (y) is given by

Z (y) =
e−λπy

2

y2n−2m−2k−2

2n+ 2k

(
y2n+2k − µ1(y)

2n+2k
)
.

(19)
N is the Chehysbev-Gauss approximation parameter, and ωl =
cos
(

2l−1
2N

)
.

Proof: See Appendix C.
Based on the given outage probability P in in Lemma 3, the

corresponding cache hit probability for a user associated with
Rk can be derived by (13).

D. The Outage Probability of the User

The outage probability of the user for the QoS requirement
strategy is determined by the NOMA power allocation coeffi-
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cient. When α0 = 1, the outage probability of the user Um,k
is given as

P outm,k = P
(
ρG (dm,k) |hm,k|2 < ε0

)
= P

(
|hm,k|2 <

ε0

ρG (dm,k)

)
= E

[
F|h|2

(
ε0

G (dm,k) ρ

)]
.

(20)

where dm,k is the distance between the Um,k and the beam
center, hm,k denotes the fading between the satellite and Um,k.

Conditioned on dm, the PDF of the dm,k is given by [45]

fdm,k|dm (d) =
2πd
πR2 d 6 R− dm
2πd
πR2 −Ψ (d, dm) R− dm < d 6

√
R2 − d2

m

Ψ (d, dm)
√
R2 − d2

m < d < R+ dm

,
(21)

where Ψ (d, dm) is defined as

Ψ (d, dm) =
2d arccos

d2m+d2−R2

2ddm

πR2
. (22)

According to the conditional probability of (21), the PDF
of dm,k is derived by obtaining the PDF of dm. To avoid
the complexity caused by segmented integration, we consider
d = 0, i.e., the user is located at the beam center, and no
aerial relay is located inside the circle < (o, κR), i.e., a circle
with the beam center located at its origin and radius κR with
κ > 1, and dm ≥ κR for all m ≥ 1. A represents the ring
with inner radius κR and outer radius d. Therefore, the outage
probability of the user Um,k is given by

P outm,k =
∫∞
κR

∫ y+R

y−R F|h|2
(

ε0
G(x)ρ

)
Ψ (x, y)f̃dm (y) dxdy,

(23)
where f̃dm denotes the PDF of dm. Since the cache-enabled
aerial relays follow a HPPP, the complementary cumulative
distribution function (CDF) of dm is the probability that there
are less than m relays closer than d in A, which is given by

F̃dm (d) =1− P (|A| < m)

=1−
m−1∑
i=1

[
λc
(
πd2 − πδ2R2

)]i
i!

e−λc(πd
2−πδ2R2),

(24)

where |∗| denotes the number of relays in the corresponding
areas. Furthermore, the complementary PDF of dm can be
calculated as6

f̃dm (d) = 2πλmc de
−λc(πd2−πδ2R2)

(
πd2 − πδ2R2

)m−1

(m− 1)!
.

(25)
Substituting (25) into (23), the outage probability of the user

can be obtained for α0 = 1.

6The difference between (25) and (35) is due to the assumption that the
user is located in the beam center to avoid the trivial piecewise integration.

When α0 < 1, the outage probability of the user Um,k is
given as

P outm,k = P

(
α0

1− α0 + 1
ρG(dm,k)|hm,k|2

< ε0

)

= P

(
ε0[ρG(dm)+1]

ρG(dm)(ε0+1)

ρG(dm)−ε0
ρG(dm)(ε0+1)

+
1

ρG(dm,k)|hm,k|2
< ε0

)
=P

(
G(dm,k)|hm,k|2

ε0[G(dm)−G(dm,k)|hm,k|2]+G(dm,k)|hm,k|2
< 1

)
= P

(
|hm,k|2 <

G (dm)

G (dm,k)

)
= E

[
F|h|2

(
G (dm)

G (dm,k)

)]
.

(26)

Substituting (26) into the corresponding , the outage prob-
ability of the user for α0 < 1 is given as

P outm,k =

∫ ∞
κR

∫ y+R

y−R
F|h|2

(
G(y)
G(x)

)
Ψ (x, y)f̃dm (y) dxdy.

(27)
Theorem 2: The outage probability of the user Um,k is the

same for NOMA and TDMA in the QoS requirement strategy.
And the outage probability of the user Um,k is irrelevant to
the total transmission power of the satellite when the QoS
requirement is satisfied.

Proof: For the situation α0 = 1, all power is allocated into
f0, therefore the NOMA scheme is TDMA scheme. For the
situation α0 < 1, the outage probability of the TDMA is given
by

P outm,k = P

(
R0 log2(1+ρG(dm,k)|hm,k|2)

log2(1+ρG(dm)) < R0

)
= P

(
G(dm,k)|hm,k|2

G(dm) < 1
)

= P
(
G (dm) > G (dm,k) |hm,k|2

)
= P

(
|hm,k|2 < G(dm)

G(dm,k)

)
= E

[
F|h|2

(
G(dm)
G(dm,k)

)]
.

(28)

Therefore, the outage probability of the user Um,k is the
same for NOMA and TDMA. According to (26) and (28),
the outage probability of the user Um,k is irrelevant to the
total transmission power of the satellite.

Hence, Theorem 2 is proved.

IV. PERFORMANCE ANALYSIS FOR RETRIEVING CONTENT
FROM AERIAL RELAY

In this section, we consider that the required content file is
cached in the aerial relay. Hence, the aerial relay would serve
the user to reduce the transmission latency, and the NOMA
scheme is implemented to increase the spectrum efficiency.

A. NOMA Signal Transmission

To reduce the transmission latency of retrieving the required
content, the user would request the content files from its aerial
server. If the required content file is cached in the aerial relay,
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the aerial relay would serve the user directly. We assume that
each relay can find at least two users whose requests can be
accommodated in its coverage area. By employing the NOMA
scheme, the other aerial relay would cause interference to
the users7. Without loss of generality, we consider that ZP
users are required to be served in one resource block by aerial
relay RP . To improve the spectrum efficiency, the frequency
reuse is implemented among aerial to user links. Therefore,
the received mixed signal can be expressed as

yP,q = PAHP,q

ZP∑
lP=1

αAlP xlP︸ ︷︷ ︸
Signals

+
∑

J∈Φc\P

PIHJ,q

ZJ∑
lJ=1

αAlJxlJ︸ ︷︷ ︸
Interference

+n1,

(29)

where PA is the transmitted power of P -th aerial relay, PI
is the transmitted power of other aerial relays, where the
transmission power of other relays is the same to simplify
the expression, Φc is the HPPP set of aerial relay, αAlX is the
NOMA power allocation for l-th user of X-th relay, where∑Zx
lx=1 α

A
lx

= 1, Hx,y is the link between node x and node
y, and n1 is the additive white Gaussian noise (AWGN) with
mean zero and variance σ2

0 , xlX denotes the signal for l-th
user of X-th relay, where E

[
|xlX |

2
]

= 1, and E [·] means the
expectation operation.

B. Outage Probability of The Users

To obtain tractable analytical results, we consider that the
SIC decoding order is from x1P to xZP and the NOMA power
allocation coefficient is predefined. In such a general case, the
transmission rate of user UP,m is given by

RUP,m = log

1 +
ρAHP,mα

A
m

ZP∑
l=m+1

ρAHP,mαAl + Iinter + 1

 , (30)

where ρA = PA
σ2
1

, ρI = PI
σ2
1

and Iinter =
∑
J∈Φc\P ρIHJ,m.

The successfully decoding probability of user UP,m
is give in (31) on the next page, where εAP,i =

2R
A
P,i − 1, RAP,i is the required transmission rate of i-

th user in P -th aerial relay coverage aera, and ξP,m =

max

{
εAP,i

αAi −εAP,1
∑ZP
l=i+1 α

A
l

,∀i ∈ (1, . . . ,m)

}
, LI (s) is the

Laplace transform (LT) of I, and L(i)
I (s) is i-th derivative of

LI (s). The radio signal attenuation follows LoS propagation
with a lower path-loss exponent and Nakagami-m small-scale
fading for the aerial-terrestrial link, and the receive side signal-
to-noise ratio (SNR) ρHP,q follows gamma distributions [54].

7Here we consider the general situation, which constitutes the worst case
for the reception reliability of users. If no user requests the content for one
aerial relay, there exists no interference. If the number of the user is large,
the available method is that the users are divided into several clusters by
implementing NOMA in different resource blocks.

TABLE I
SIMULATION PARAMETERS

Parameters Values
Center frequency 4 GHz
Satellite height 800 Km

Aerial relays distribution radius D 200 Km
Aerial relay coverage radius R 5 Km

Half-power beamwidth of satellite L 50 Km
Satellite antenna gain Gs 20 dBi

Cluster heads antenna gain Gt 6 dBi
PRs antenna gain Gs 5 dBi

Terrestrial noise temperature 300 K
Satellite noise temperature 350 K

According to (5), θP,q is defined as ρD−αLP,q

/
mP,q. Therefore,

the step (a) in (31) apply the CDF of gamma distribution. The
step (b) in (31) is due to EI

[
Ii exp (−sI)

]
= (−1)

iL(i)
I (s),

where L(i)
Iinter

(s0) =
[
di

dsiLIinter (s)
]
s=s0

.

To calculate L(i)
Iinter

(s), we utilize the Faa di Bruno formula
[54], which is expressed as (32) in the next page, to deal
with the higher order derivatives of the composite function
by calculating the LT of the Iinter. LIinter (s) is given as (33)
on the next page, where DJ,q is distance between the other
aerial relay and the user. The step (c) in (33) utilizes the
probability generating functional (PGFL) of the HPPP. The
i-th derivative is formulated as (34) on the next page, where
Ni =

{
(n1. · · · , nτ , · · ·ni) |nτ ∈ N,

∑i
τ=1 τnτ = i

}
.

V. NUMERICAL SIMULATIONS
In this section, representative simulation results are pre-

sented to confirm the effectiveness of the considered HSATN
systems and evaluate the impact of key factors on the perfor-
mance of the proposed framework. The aerial relay distribution
radius D, the height of the aerial relay, and the aerial relay
coverage area radius R are 200 kilometers (Km), 5Km and 5
Km, respectively, where the users are randomly distributed in
the aerial relay coverage area. The key system parameters are
provided in Table I.

A. Simulation Results for Retrieving the Content Files from
the Satellite

We consider that the file category F = {f1, f2, f3}, and
transmission rate requirement are {0.75, 0.875, 1} (bps/Hz),
respectively8. The required rate for f0 of the user Um,k is 0.6
bps/Hz.

As α0 is determined by the channel gain of m-th aerial
relay, the ratio τi of the remaining power for {f1, f2, f3}
are {0.5, 0.3, 0.2}, respectively. Besides, the OMA scheme is
provided for comparison, where the time slot allocation for
f0 is determined by the QoS requirement of the user Um,k,
and the rest time slot allocation is proportionally allocated
according to the rate requirements of each file9.

8Due to the existence of interference in NOMA scheme, a single time slot
is only available for limited content files. If the number of content files is
large, the content files can be divided into different groups for different time
slots.

9In the TDMA, each user occupies orthogonal specific time blocks in
practice system. For a clear comparison with NOMA, we consider the time
blocks can be divided into several sub-time slots during the simulation.
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PUP,m = P

 ρAHP,qα
A
1

ZP∑
l=2

ρAHP,qαAl + Iinter + 1

> εAP,1, · · · ,
ρAHP,qα

A
m

ZP∑
l=m+1

ρAHP,qαAl + Iinter + 1

> εAP,m



= P

ρAHP,q >
εAP,1 (Iinter + 1)

αA1 − εAP,1
ZP∑
l=2

αAl

, · · · , ρAHP,q >
εAP,m (Iinter + 1)

αAm − εAP,1
ZP∑

l=m+1

αAl


= P (ρAHP,q > ξP,m (Iinter + 1))

a
=EIinter

exp
(
− ξP,mθP,m

(Iinter + 1)
)mA−1∑

k=0

1
k!

(
ξP,m
θP,m

(Iinter + 1)
)k

= exp
(
− ξP,mθP,m

)
EIinter

exp
(
− ξP,mθP,m

Iinter

)mA−1∑
k=0

1
k!

(
ξP,m
θP,m

)k k∑
i=0

(
k
i

)
Iiinter


= exp

(
− ξP,mθP,m

)mA−1∑
k=0

1
k!

(
ξP,m
θP,m

)k k∑
i=0

(
k
i

)
EIinter

[
exp

(
− ξP,mθP,m

Iinter

)(
ξP,m
θP,m

Iinter

)i]
b
= exp

(
− ξP,mθP,m

)mA−1∑
k=0

(
ξP,m
θP,m

)k k∑
i=0

(
k
i

)
(−1)i

k! L
(i)
Iinter

(
ξP,m
θP,m

)
.

(31)

f (κ) (g (s)) =
∑

(n1,··· ,nκ)∈Nκ

κ!
κ∏
τ=1

(nτ !)
f (n1+···+nκ) (g (s))

κ∏
τ=1

(
g(τ) (s)

τ !

)nτ
. (32)

LIinter (s) = E

exp(−s
∑

J∈Φc\P

ρIHJ,q)

 = EΦc\P

exp(−s
∑

J∈Φc\P

ρID
−αA
J,q |hJ,q|

2
)


c
=EΦc\P

 ∏
J∈Φc\P

E

 1(
1 + sρI

mA
D−α

A

J,q

)mA

 = exp

−2πλ

∞∫
Ha

∑mA

n=1

(
mA

n

)(
sρI
mA

)n
z−nα

A

(
1 + sρI

mA
D−α

A

J,q

)mA zdz


= exp

−2πλ

mA∑
n=1

(
mA

n

)(
sρI
mA

)nH2−nαA
a

nαA−2 2F1

(
mA, n− 1

αA
, n− 1

αA
+ 1, sρI

mAHαAa

) .

(33)

L(i)
Iinter

(s) =
∑

(n1,··· ,ni)∈Ni

i!
i∏

τ=1
(nτ !)

LIinter (s)

×
i∏

τ=1

(
2πλ(−1)

τ

(
mA − 1 + i
mA − 1

) ( ρI
mA

)τ
H2−nαA
a

nαA−2 2F1

(
mA + τ, τ − 2

αA
, τ − 2

αA
+ 1, sρI

mAHαAa

))nτ
.

(34)

Fig. 2 illustrates the f0 outage probability of the user Um,k
for the different orders of m. The shadowing and channel
fading is considered as ILS, where the corresponding channel
coefficient (c, q,Ω) in (3) are given as (0.158, 19.4, 1.29),
respectively [40], [49]–[51]. The analytical results match the
simulation results, which verifies the accuracy of the outage
probability analysis. When the power is insufficient for de-

coding the f0 in the aerial relay Rm, i.e. α0 = 1, the outage
probability of the user is decreasing with the transmitted power
increasing. In this situation, the outage probability of the user
achieves superior performance with a shorter distance from the
beam center. The main reason is that the antenna gain of the
satellite is large for the user closing to the beam center, which
decreases the outage probability of the user. In addition, the
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Fig. 2: The outage probability of the user Um,k versus different
m, where λ = 1.27× 10−4

/
km2.
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Fig. 3: The outage probability of the user Um,k located in 50-
th aerial relay coverage versus different intensity λ, where λ =
1.27× 10−4

/
km2 and λ = 6.37× 10−4

/
km2, respectively,

and the shadowing and channel fading is ILS.

user’s outage probability for f0 of the NOMA and TDMA is
the same in the QoS requirement strategy, which proves the
correctness of the Theorem 2.

Fig. 3 shows the outage probability of the user under the
different intensity of the aerial relay. When the power is not
sufficient for decoding the f0 in the aerial relay Rm, i.e. α0 =
1, the dense intensity would decrease the outage probability.
When the QoS of the f0 is satisfied in Rm, the intensity of the
aerial relay has only a limited impact on the outage probability
of the user Um,k as shown in the dotted rectangle area of Fig.
2 and Fig. 3.

Fig. 4 depicts the hit probability of 50-th aerial relay for
the content category F . Although the outage probability of
the user Um,k is the same for NOMA and TDMA, the hit
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Fig. 4: The hit probability of the aerial relay Rm, where m =
50, λ = 7.96× 10−4

/
km2 and γm = 0.5.
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Fig. 5: The outage probability of f0 in the aerial relay Rn for
different n, where m = 50 and λ = 7.96× 10−4

/
km2.

probability of content category F in the NOMA scheme is
superior to the OMA benchmark for Rm, which indicates the
effectiveness of the NOMA scheme.

Fig. 5 shows the f0 outage probability of the aerial Rn
within different order n when the f0 cannot be decoded in
Rm under the transmitted power. As can be observed from
the figure, increasing n will ascend the outage probability due
to the larger distance from the beam center. When the f0 is
decoded in Rm, the outage probability of the f0 in the aerial
relay Rn equals zero. The outage probability of f2 in the
aerial relay Rn for different order n is given in Fig. 6. It can
be observed that the user achieves superior performance since
the shorter distance from the beam center and results in higher
beam gain.

Fig. 7 and Fig. 8 depict the hit probability for the content



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS 11

3 4 5 6 7 8 9 10 11

The transmission power of the satellite /dBw

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

O
u
ta

g
e 

p
ro

b
ab

il
it

y

NOMA Analytical

NOMA Simulation

OMA Benchmark

n=30, 20, 10

Fig. 6: The outage probability of f2 in the aerial relay Rn for
different n, where m = 50 and λ = 7.96× 10−4

/
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Fig. 7: The hit probability of the aerial relay Rn for the
different aerial relay intensity and n, where γn = 0.5, m = 50
and λ = 7.96× 10−4

/
km2.

category F of the aerial relay within the different content
popularity parameter γ and order n. Since the expected hit
probability of the OMA scheme is the same for different γ,
we only plot one curve of TDMA for instance. A large γ
means the requests on the high popularity files, whereas a
small γ is related to the requests with heavy-tailed popularity.
The NOMA scheme decodes the most popular content file at
first. Therefore, the larger γ scenario obtains the better hit
probability.

B. Simulation Results for Retrieving the Content Files From
the Cache-enabled Relay

In this subsection, we evaluate the outage probability of the
users for retrieving the content from the relay. We consider
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Fig. 8: The hit probability of the aerial relay Rn for the
different aerial relay intensity and n, where γn = 5, m = 50
and λ = 7.96× 10−4

/
km2.

that the required content files are cached in the aerial relay.
Therefore, the aerial relay serves the two users by the NOMA
scheme simultaneously. The power allocation coefficient is
0.75 for far user 1 and 0.25 for near user 2. The required
transmission rates are {1.5, 2} (bps/Hz) respectively. The
fading severity mA of Nakagami-m is set as 3, and the path
loss exponent αA is set as 2 for all aerial-terrestrial link.
Besides, the TDMA scheme is provided for comparison, where
the same transmission power as the NOMA scheme and the
sub-time slot allocation is averagely allocated to two users.
The transmission power of the interference relays is set as 10
W.

Fig. 9 and Fig. 10 depict the outage of the two users in 10-
th aerial relay coverage area for the different dense intensity
of the aerial relay. Both figures show that the derived outage
probability results perfectly match the simulation results for
two users, which confirms that our derivations are valid. The
outage probability of the NOMA scheme for two users is
superior to the OMA scheme, which implies the superiority
of the NOMA scheme. In addition, the higher intensity of the
aerial relays leads to higher outage probability, which is results
from more interference from a larger number of aerial relays.

VI. CONCLUSION

In this paper, to reduce the transmission latency and facili-
tate the frequent update of the files cached at the aerial relays,
we investigated the performance of cache-enabled HSATN,
where the user retrieved the required content files from the
aerial relay or the satellite with the NOMA scheme. If the
required content files of the user were cached in the aerial
relay, the cache-enabled relay would serve the user directly.
Otherwise, the user would retrieve the content file from the
satellite, where the satellite seeks opportunities for proactive
content pushing to the relay during the user content delivery
phase. Specifically, taking into account the uncertainty of the
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Fig. 9: The outage probability of the two users versus different
transmission power of the cache-enabled relay, where λ =
1.27× 10−4

/
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Fig. 10: The outage probability of the two users versus
different transmission power of the cache-enabled relay, where
λ = 1.27× 10−3

/
km2.

number and location of aerial relays, along with the channel
fading of users, the outage probability and hit probability
of the considered network were derived based on stochastic
geometry. Finally, both simulation and analytical results were
provided to validate the effectiveness of the cache-enabled
HSATN with the NOMA scheme and proclaim the influence
of key factors on the system performance.

APPENDIX A
THE PROOF OF LEMMA 1

The number of cache-enabled relays is followed the HPPP
within intensity λ, therefore the PDF of dm is given by [45]

fdm (y) =
2λmπmy2m−1

(m− 1)!
e−λπy

2

. (35)

Conditioned on dn = x, the CDF of the dm is given by

Fdm|dn (y) = P (dm ≤ y |dn = x )
= 1− P (dm > y |dn = x )

(36)

The event (dm > y |dn = x ) indicates that m-th cache-enable
relay is located in outer of the circle with radius y or inner of
the circle with radius x. Without loss of general, we consider
m > n. Therefore, there exist at most m − n − 1 cache-
enable relay inside a ring with inner radius x and outer radius
y, where the ring denotes by < (x, y). Hence, Fdm|dn (y) is
derived as

Fdm|dn (y) = 1−
m−n−1∑
k=1

P (|< (x, y)| = k). (37)

where |< (x, y)| represents the number of the cache-enable
located in ring < (x, y). According to the property of HPPP,
Fdm|dn (y) is given as

Fdm|dn (y) = 1−
m−n−1∑
k=1

e−λπ(y2−x2)λ
kπk

(
y2 − x2

)k
k!

(38)

We implement Sk =
λkπk(y2−x2)

k

k! . The PDF of fdm|dn (y)
can be obtained by the derivation of CDF Fdm|dn (y). Based
on [45], the conditional PDF for fdm|dn (y) is derived as

fdm|dn (y) = 2yλπe−λπ(y2−x2)

(
m−n−1∑
k=0

Sk −
m−n−1∑
k=1

Sk−1

)

= 2y(λπ)
m−n

e−λπ(y2−x2)x
2m−1

(
y2 − x2

)n−m−1

(m− n− 1)!
.

(39)

Therefore, the join PDF for dm and dn is obtained by Bayesian
formula, which can be given by (11).

Therefore, the lemma 1 is proved.

APPENDIX B
THE PROOF OF LEMMA 2

According to (9), there exists a situation, where α0 = 1,
the m-th relay still decodes the f0. The PDF of dm is given
in (35). Therefore, the outage probability of f0 in m-th relay
is given by

P 0
m =P

(
G (dm) <

ε0

ρ

)
= P

(
dm > G−1

(
ε0

ρ

))
=

2(λπ)
m

(m− 1)!

∫ ∞
G−1

(
ε0
ρ

) y2m−1e−λπy
2

dy

=e
−λπ

(
G−1

(
ε0
ρ

))2 m−1∑
k=0

(λπ)
k
(
G−1

(
ε0
ρ

))2k

k!
.

(40)
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To be noticed, G (dm) ρ < ε0, all power is allocated to the f0.
Hence, P

(
G (dm) ≤ ε0

ρ

)
and P (α0 = 1)) is the same. The

outage probability of fi in m-th relay is given by

P im = P

α0 = 1, G (dm) < max

{
εk
ρζk

,∀k ∈ (0, · · · , i)
}

︸ ︷︷ ︸
event1



+ P

α0 < 1, G (dm) < max

{
εk
ρζk

,∀k ∈ (0, · · · , i)
}

︸ ︷︷ ︸
event2

 ,

(41)

where the G (dm) < max
{
εk
ρζk

,∀k ∈ (0, · · · , i)
}

is always
true for α0 = 1 in event 1. Therefore Pevent1 = P (α0 = 1).
For the event 2, we have{

G (dm) <
εi
ρζi

}
=

G (dm) <
εi

ρωi
ρG(dm)−ε0
ρG(dm)(ε0+1)


=

{
G (dm) <

ε0

ρ
+

(1 + ε0) εi
ρωi

}
.

(42)

Hence, formula (41) can be rewritten as

P im = P

(
G (dm) <

ε0

ρ

)
+ P

(
G (dm) < max

{
ε0
ρ + (1+ε0)εk

ρωk
,∀k ∈ [1, · · · , i]

})
= P

(
dm > G−1

(
ε0
ρ + (1+ε0)ηi

ρ

))
=

2(λπ)
m

(m− 1)!

∫ ∞
G−1

(
ε0
ρ +

(1+ε0)ηi
ρ

) y2m−1e−λπy
2

dy

= e
−λπ

(
G−1

(
ε0
ρ +

(1+ε0)ηi
ρ

))2

×
m−1∑
k=0

(λπ)
k
(
G−1

(
ε0
ρ + (1+ε0)ηi

ρ

))2k

k!
,

(43)

where ηi = max
{
ε1
ς1
, · · · , εiςi

}
, and ςi = τi − εi

∑M
j=i+1 τj .

Hence, lamma 2 is proved.

APPENDIX C
THE PROOF OF LEMMA 3

The premise of n-th relay decoding f0 is that m-th relay
successfully decode the f0. Therefore, the outage probability
of n-th relay successfully decode f0 is given as

P 0
n = P

(
G (dm) <

ε0

ρ
,G (dn) <

ε0

ρ

)
= P

(
G (dn) <

ε0

ρ

)
= P

(
dn > G−1

(
ε0

ρ

))

= e−λπ(G−1( ε0ρ ))
2
n−1∑
k=0

(λπ)
k
(
G−1

(
ε0
ρ

))2k

k!
.

(44)

The outage probability of n-th relay for fi (∀i ∈
[1, · · · ,M ]) is given as

P in = P

α0 = 1, G (dn) < max

{
εk
ρζk

,∀k ∈ (0, · · · , i)
}

︸ ︷︷ ︸
event3



+ P

α0 < 1, G (dn) < max

{
εk
ρζk

,∀k ∈ (0, · · · , i)
}

︸ ︷︷ ︸
event4

 .

(45)

For event 3,
{
G (dn) < max

{
εk
ρζk

,∀k ∈ (0, · · · , i)
}}

occurs,
there must be α0 = 1. Therefore, Pevent3 = P (α0 = 1). The
probability of event 4 can be rewritten as

P

{
G (dm) >

ε0

ρ
,G (dn) < max

{
εk
ρζk

,∀k ∈ (1, · · · , i)
}}

= P

{
G (dm) >

ε0

ρ
,G (dn) <

(1 + ε0) ηi
ρ− ε0

Gm(dm)

}
.

(46)
Therefore, the probability of event 4 is

P4 = P

(
G (dm) >

ε0

ρ
,G (dn) <

(1 + ε0) ηi
ρ− ε0

G(dm)

)

= P

(
dm < G−1

(
ε0

ρ

)
, dn > G−1

(
(1 + ε0) ηi
ρ− ε0

G(dm)

))
.

(47)

If event 4 always happens, there must exist

G−1

(
ε0

ρ

)
> G−1

(
(1 + ε0) ηi
ρ− ε0

G(dm)

)
. (48)

Since G is monotonically decreasing, G−1 is monotonically
increasing. We have

ε0

ρ
>

(1 + ε0) ηi
ρ− ε0

G(dm)

. (49)

Furthermore, (49) is rewritten as

1

G (dm)
>

ρ

ε0

[
1− (1 + ε0) ηi

ε0

]
=

ρ

ε0
[1−Θ] , (50)

where Θ can be formulated as

Θ =
(1 + ε0) max

{
ε1
ς1
, · · · , εMςM

}
ε0

>
(1 + ε0) εM

ε0ςM
=

2R
0

εM
ε0ςM

.

(51)
The ςM < 1 and 2R

0

> 1 hold. If we consider εM > ε0, Θ ≥
0 is obtained. Therefore, the relationship of (50) is always true.
According to (47), the event 4 holds the following constraint

dm > G−1

(
(1 + ε0) ηi
ρ− ε0

G(dm)

)
. (52)

Further, we have

dm > G−1

(
(1 + ε0) ηi + ε0

ρ

)
. (53)
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The joint PDF of dm and dn is obtained by lamma, the
relationship and the range of dm and dn are calculated by
above observations. Hence, the probability of event 4 is given
as

Pevent4 =

∫ ϕ2

ϕ1

∫ y

µ1

fdn,dm (x, y) dxdy, (54)

where ϕ1 = G−1
(

(1+ε0)ηi+ε0
ρ

)
, ϕ2 = G−1 (ε0/ρ), µ1 =

G−1

(
(1+ε0)ηi
ρ− ε0

G(y)

)
. The joint PDF fdn,dm (x, y) can be ex-

panded by binomial as

fdn,dm (x, y) = 4y(λπ)
n
e−λπy

2 x2n−1
(
y2 − x2

)m−n−1

(m− n− 1)! (n− 1)!

=
4(λπ)

n
e−λπy

2

(m− n− 1)! (n− 1)!

m−n−1∑
k=0

(−1)
k

×
(
m− n− 1

k

)
x2n+2k−1y2m−2n−2k−2.

(55)

Substituting (55) to (54), the probability of event 4 is rewritten
as

P4 =
4(λπ)

n
e−λπy

2

(m− n− 1)! (n− 1)!

×
t−m−1∑
k=0

(−1)
k

(
t−m− 1

k

)∫ ϕ2

ϕ1

Z (y) dy.

(56)

The integral of (56) is burdensome to get a closed-form
solution. Hence, Chebyshev-Gauss quadrature is implemented
to obtain an approximated solution. The approximated proba-
bility of event 4 is given by

P4 =
4(λπ)

n
e−λπy

2

(m− n− 1)! (n− 1)!

m−n−1∑
k=0

(−1)
k

(
m− n− 1

k

)

×
N∑
l=1

π (ϕ2 − ϕ1)

2N

√
1− ω2

l Z

(
ϕ2 − ϕ1

2
ωl +

ϕ2 + ϕ1

2

)
.

(57)

where Z (y) is given as

Z (y) =
e−λπy

2

y2n−2m−2k−2

2n+ 2k

(
y2n+2k − µ1(y)

2n+2k
)
.

(58)
N is the Chebyshev-Gauss approximation parameter, which
achieves a tradeoff between accuracy and complexity of the
approximation. Specifically, N → ∞, the approximation
solution is the same as the precise result. Besides, ωl =
cos
(

2l−1
2N

)
. Finally, the outage probability of n-th relay for

fi (∀i ∈ [1, · · · ,M ]) is given as

P in = P 0
m + P4. (59)

Therefore, Lemma 3 is proved.
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