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Abstract. Satellite and UAV (unmanned aerial vehicle) communica-
tion are two vital techniques to support the upcoming 5G and beyond
5G network. Based on this, the paper considers a downlink UAV assisted
hybrid satellite-terrestrial network under cognitive radio communication
(HSTCN), a framework consisting of a hovering UAV and terrestrial
distributed antenna system (DAS) is proposed, which is novel and com-
plex. Our goal is to analyze the outage probability (OP) of satellite
user under cognitive radio terrestrial network interference, in which the
decode-and-forward UAV relay is applied to help signal transmission.
The approximated closed-form outage probability is derived, experimen-
tal results are performed to demonstrate the correctness of the proposed
OP results and reveal the impact of different system parameters on the
satellite-terrestrial model.

Keywords: Distributed antenna system · Shadowed Rician fading ·
UAV · Cognitive radio · Outage probability

1 Introduction

In the age of 5G, more and more communication devices, accessed to terrestrial
network, congest the communication [1,2]. Satellite and flying vehicles, such as
unmanned aerial vehicles(UAV), airplanes, are applied to expanding terrestrial
communication coverage, providing seamless connectivity and so on [3–6].

The idea of a hybrid satellite-terrestrial cognitive network (HSTCN) was
established for satellite network integrating into terrestrial network, the satel-
lite is licensed in air-to-ground network to operate in the same frequency band
so that spectrum management works [7–12]. Yuhan Ruan et al. in [13] inves-
tigated the outage probability(OP) of an integral satellite-terrestrial network
with intra-cell interference. Oluwatayo Y. Kolawole et al. in [14] studied the
OP and the spectral efficiency of the proposed HSTCN where satellite network
shares resources with terrestrial network. Kang An et al. in [15] researched the
physical layer security of the proposed HSTCN, the optimal beamforming and
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power allocation algorithm was designed. Xingwang Li et al. in [16] proposed an
unified framework for hybrid satellite/UAV terrestrial non orthogonal multiple
access(NOMA) network, the approximate closed-form expression of the OP was
obtained. Based on the approximate OP expression, the location optimization
of UAV was analyzed. Xiaokai Zhang et al. in [17] investigated the OP and the
ergodic capacity of NOMA based on the hybrid satellite-terrestrial network. The
terrestrial network is used as relay cooperating with primary satellite network.
Silin Xie et al. in [18] derived the closed-form expression of the OP with NOMA
transmission. Imperfect channel state information was considered at all nodes.

The integration of the satellite and UAV could be applied to serve the remote
areas as well as the disaster areas. UAV often acts as a relay to help satellite
signal transmitting or terrestrial network transmitting. Research the architecture
of [19–22] satellite-terrestrial network with the aid of the UAV. Xiaomin Chen et
al. researched the multi-hop UAV assisted channel model establishment. With
the proposed model, the OP, bit error rate and channel capacity are analyzed
and derived [23,24] . Optimization problems such as maximizing the system
transmitting rate, finding the optimal UAV trajectory, power allocation of both
the satellite and UAV groups are provided. It can be found that UAV fits well
with the satellite-terrestrial network and the power allocation association is vital
in the integration of satellite-UAV networks. Pankaj K. Sharma et al. in [25]
investigated a hybrid satellite terrestrial network with decode-and-forward(DF)
protocol and stochastic geometry. The outage probability under opportunistic
UAV relay selection was provided, the secure outage probability of the proposed
system model was analyzed in [26] either. Ting Qi et al. integrated NOMA into
satellite-UAV network, both the outage probability and the power allocation
algorithm were proposed to guarantee the fairness between two NOMA users [27].

Motivated by the aforementioned papers, in this paper, we construct a novel
satellite-terrestrial network which consists of a UAV and a single cell DAS. Cog-
nitive radio with underlay mode is applied to integrate the satellite with the
terrestrial network. Outage probability is chosen to analyze the system perfor-
mance. We make the following contributions: (1) A novel framework containing
UAV and DAS is built for downlink performance analysis. (2) Cognitive radio
is applied for satellite-terrestrial network integration, which makes the outage
probability derivation difficult. (3) An approximated closed-form OP is derived,
the related simulation is implemented to analyze the proposed model.

2 System Model

As shown in Fig. 1, we consider a downlink UAV assisted HSTCN which consists
of one geosynchronous orbit(GEO) satellite s, one UAV relay g, Nt DA ports
b1, · · · , bNt

, one primary terrestrial user (PTU) pu, and one secondary satellite
user (SSU) su. Satellite s communicates with SSU with the help of UAV by
using DF protocol. At the same time, DA ports transmit signals to PTU, which
causes interference to SSU under the same spectrum. For ease of analysis, all of
the nodes are equipped with one antenna. Besides, by supposing a poor channel
condition between satellite and SSU, the direct link is blocked.
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Fig. 1. System model

2.1 Signal Model

The communication between s and SSU takes place in a two-time phase. The
received signal at UAV in the first phase can be given by

yg =
√

ps

√
Gs,ghs,gxs + ng, (1)

At the second time slot, g decodes the received signal yg and then retransmits
to SSU. Thus, the received signal at SSU is written as

ysu =
√

pg

√
Gg,suhg,suxs +

Nt∑

i=1

√
pbi

√
Gbi,suhbi,susbi + nsu. (2)

where ng ∼ CN
(
0, σ2

g

)
and nsu ∼ CN

(
0, σ2

su

)
. To ensure the interference at

PTU beyond to Ith, the transmitting power at UAV must satisfy

pg = min

{
Ith

|hg,pu|2 , pg max

}

, (3)

where Ith means interference-power threshold. By combining (2) with (3), the
SINR at SSU can be formulated as

γsu =
min
{

γ̄sGs,g|hs,g|2, Gg,su|hg,su|2 min
{

γ̄th

|hg,pu|2 , γ̄g max

}}

Nt∑

i=1

γ̄biGbi,su|hbi,su|2 + 1
. (4)

where γ̄s = ps

/
σ2

g , γ̄th = Ith

/
σ2

su, γ̄bi = pbi

/
σ2

su.
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2.2 Channel Model

The traditional satellite-terrestrial model includes the Loo model, Corazza
model, etc. [28]. However, the theoretical probability density function(PDF) is
complex. Authors Ali Abdi etc. in [29] proposed a simple model for Land Mobile
Satellite(LMS) Channel named Shadowed Rician(SR) model with parameters
(bs,ms, Ωs). Under the situation of integer values ms, references [30,31] pro-
posed a simple SR PDF expression, which can be written as

f (x) = α

ms−1∑

k=0

ζ (k) xk exp (− (β − δ)x). (5)

where α =
[
(2bs)

ms+1
ms

ms

]/
[(2bsms + Ωs)

ms ], δ = Ωs/[2bs (2bsms + Ωs)].
β = 1/(2bs), Ωs is the average power of the shadow fading, 2bs represents the
average power of the multipath, ms ∈ (0,∞) means the fading parameter of the
shadow fading. ζ (k) =

[
(−1)k(1 − ms)kδk

]/[
(k!)2
]
, (·)p is the Pochhammer

symbol.
The channel fading between UAV and PTU/SSU is modelled as Rician fading.

The PDF and cumulative distribution function(CDF) of the Rician channel can
be written as

f (x) = (1 + K) exp (− ((1 + K) x + K)) I0

(√
4K (K + 1) x

)
, (6)

F (x) = 1 − Q1

(√
2K,
√

2 (1 + K) x
)

. (7)

where K is Rician factor, QM (a, b) means the Marcum Q function with order M.
Besides, the channel between DA ports and SSU is assumed as Nakagami fading.
Let Gs,g = Ls,gGsGg

(
J1 (x)/(2x) + (36J3 (x))

/
x3
)

denote the propagation gain
including free-space loss and antenna gain at both the satellite and the UAV,
which can be described in [14]. Let Gg,su and Gbi,su be the antenna gain between
the UAV/DA ports to SU, which has been described as Gg,su = GgGsuLg,su,
Gbi,su=GbiGsuLbi,su with Lς,su =

(
h2

ς,su + z2ς,su

)−α/2, ς ∈ {g, bi} respectively.
hς,su is the difference in height between g/bi and SSU, zς,su denotes the difference
on the ground plane between SSU and the projection of ς. α means the path loss
index. Based on the above definitions, the outage probability can be derived in
the following section.

3 Outage Probability Analysis

Outage probability is defined as the probability that the transmitting link capac-
ity falls below the needed user rate, which also can be written as:
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F1 (x) = Pr

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

min
{

γ̄sGs,g|hs,g|2, Gg,su|hg,su|2 min
{

γ̄th

|hg,pu|2 , γ̄g max

}}

Nt∑

i=1

γ̄biGbi,su|hbi,su|2 + 1
≤ x

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

=
∫ ∞

0

F2 (xu) f7 (u) du. (8)

where F2 (x) denotes the probability that the numerator of (4) falls below x. To
proceed further, F2 (x) can be decomposed as:

F2 (x) = Pr

{

min

{

γ̄sGs,g|hs,g|2, Gg,su|hg,su|2 min

{
γ̄th

|hg,pu|2 , γ̄g max

}}

≤ x

}

= F3 (x) + F4 (x) − F3 (x)F4 (x) , (9)

As is derived in [30], the closed-form expression of F3 (x) is shown as:

F3 (x) = Pr
{

γ̄sGs,g|hs,g|2 ≤ x
}

= 1 − α

ms−1∑

k5=0

ζ (k)
k5∑

p=0

k5!
p!

(β − δ)−(k5+1−p)

(
x

γ̄sGs,g

)p

exp
(

−x (β − δ)
γ̄sGs,g

)
,

(10)

Moreover, F4 (x) can be decomposed into two independent outage probability
items, which gives the following equation:

F4 (x) = Pr

(

min

{
γ̄th

|hg,pu|2 , γ̄g max

}

Gg,su|hg,su|2 ≤ x

)

= Pr

{
γ̄th

|hg,pu|2 Gg,su|hg,su|2 ≤ x,
γ̄th

|hg,pu|2 < γ̄g max

}

+ Pr

{
γ̄th

|hg,pu|2 > γ̄g max, γ̄g maxGg,su|hg,su|2 ≤ x

}

, (11)

By applying (6), (7) into (11) and utilizing [32] (Eq. 8), the closed-form
expression of F4 (x) is obtained. Then putting F4 (x) together with F3 (x) into
F2 (x), with variable substitution and simplification, the expression of F2 (x) is
written as:
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F2 (x) = 1−
∞∑

k1=0

∞∑

k2=0

ms−1∑

k5=0

k5∑

p=0

Ψ (k1, k2, k5, p)
xp+k2 exp

(
−x(β−δ)

γ̄sGs,g

)

[
(1+Ksu)x
Gg,suγ̄th

+ (1 + Kpu)
]k2+k1+1

×

Γ

(
k2 + k1 + 1,

(1 + Ksu) x

Gg,suγ̄g max
+

(1 + Kpu) γ̄th

γ̄g max

)
−

∞∑

k4=0

ms−1∑

k6=0

k6∑

p1=0

Ψ (k4, k6, p1) ×

xk4+p1 exp
(

−
(

β − δ

γ̄sGs,g
+

1 + Ksu

γ̄g maxGg,su

)
x

)
. (12)

where Ksu and Kpu denote the Rician fading parameters of |hg,su|2 and |hg,pu|2
respectively. Ψ (k1, k2, k5, p) and Ψ (k4, k6, p1) are given as follows:

Ψ (k1, k2, k5, p) = exp (−Ksu − Kpu) α
ζ (k5) k5!(β − δ)−(k5+1−p)

p!(γ̄sGs,g)
p ×

(Kpu + 1)k1+1(Kpu)k1

k1!k1k2!

(
1 + Ksu

Gg,suγ̄th

)k2 ∞∑

k0=0

Ksu
k0+k2

(k0 + k2)
, (13)

Ψ (k4, k6, p1) =

[

1 − Q1

(
√

2Kpu,

√
2 (1 + Kpu) γ̄th

γ̄g max

)]

exp (−Ksu) ×

αζ (k6)
k4!

(
Ksu (1 + Ksu)
γ̄g maxGg,su

)k4 ∞∑

k3=0

Ksu
k3

(k3 + k4)
k6!(β − δ)−(k6+1−p1)

p1!(γ̄sGs,g)
p1 . (14)

As is discussed in [33], the PDF of the denominator in (4), denoted by f7 (x),
can be approximated as

f7 (x) = xmb−1 e−x/Ωb

Ωb
mbΓ (mb)

. (15)

where the shape parameter mb =
(

Nt∑

i=1

γ̄biGbi,suΩsu

)2/(Nt∑

i=1

γ̄2
biG

2
bi,su

Ω2
su

msu

)
,

the scale parameter Ωb =
(

Nt∑

i=1

γ̄2
biG

2
bi,su

Ω2
su

msu

)/(
Nt∑

i=1

γ̄biGbi,suΩsu

)
respectively.

Thus, by substituting (12), (15) into (8) ,the OP of the SSU can be transformed
as:

F1 (x) = I1 − I2 − I3. (16)

Here we need to calculate I1, I2, I3 in turn. The closed-form expression of I1 can
be expressed as:

I1 =
∫ ∞

0

umb−1e−u/Ωb

Ωmb

b Γ (mb)
du = 1, (17)
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We now derive the analytical expression of I2. First, the incomplete Gamma
function Γ (1 + n, x) can be transformed as the finite series expansion of poly-
nomial expression [32] (Eq. 8.352.7), then (1 + u)k is approximated to uk for
ease of computational complexity. Finally, I2 can be derived with the aid of [32]
(Eq. 7.813.1).

I2 ≈
∞∑

k1=0

∞∑

k2=0

ms−1∑

k5=0

k5∑

p=0
Ψ (k1, k2, k5, p) (k2+k1)!

Ω
mb
b Γ (mb)

(
γ̄th

γ̄g max

)k2+k1+1

xp+k2×

exp (− [ωsx + ωsux + ωpu])
k2+k1∑

mq=0

[ωsux+ωpu]
mq−k2−k1−1

mq !

[
ωsux+ωsx+ 1

Ωb

]−(p+k2+mb)

Γ (k2+k1+1−mq)
×

G12
21

(
ωsux

[ωsux+ωpu]
[
ωsux+ωsx+ 1

Ωb

]
∣
∣∣∣
1 − p − k2 − mb,mq − k2 − k1

0

)
,

(18)
By substituting the last term of (12) and the formula of (15) into (8), with

the same operation like I2, (1 + u)k is approximated to uk, the integration of I3
can be derived. Thus, the analytical closed form expression of I3 is given by

I3 ≈
∞∑

k4=0

m−1∑

k6=0

k6∑

p1=0

Ψ (k4, k6, p1) xk4+p1
exp
(
−
(

β−δ
γ̄sGs,g

+ 1+Ksu

γ̄g maxGg,su

)
x
)

Ωb
mbΓ (mb)

×

Γ (k4 + p1 + mb)
(

β−δ
γ̄sGs,g

+ 1+Ksu

γ̄g maxGg,su

)k4+p1+mb
. (19)

where ωsu = (1 + Ksu)/(Gg,suγ̄g max), ωpu = [(1 + Kpu) γ̄th]/γ̄g max and ωs =
(β − δ)/(γ̄sGs,g). From the above analysis, OP at SSU can be computed with
(17), (18), and (19). To obtain more insights, the numerical results are provided
for OP analysis in the next section.

4 Numerical Results

In the simulations, the concrete antenna gain parameters and the channel
fading parameters are given in Table 1. Besides, the location of UAV, DA
ports and terrestrial users are defined in Table 2. The theoretical curves are
obtained using (16)–(19) with the substitution of finite terms(such as 15 terms)
We found that the theoretical results agree well with Monte Carlo simula-
tion. The polar coordinates of DA prots are set as{2R/3, [2π (j − 1)]/(Nt − 1)},
j = 2, · · · , Nt, where one DA port is located in the center. Shadowed Rician
parameters are set as (bs,ms, Ωs) = (0.251, 5, 0.279), Rician factors at SSU/PTU
are set as 2/1 respectively. σ2

g = σ2
su = N0, Nakagami fading parameters are

(msu, Ωsu) = (1, 1)/(2, 5) respectively.
Figure 2 shows the results of the OP versus pg max. The transmitting power

of satellite and DA ports are set as its maximum transmitting power. It can
be found that the value of OP decreases when pg max increases, this is because
increasing the value of pg max can enlarge the SINR of the total system. The
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Table 1. Simulation parameters

Notation Value

Carrier bandwidth W 500MHz

Carrier frequency fc 20GHz

The variance of AWGN N0 −110 dBm

Antenna gain Gs/Gg/Gu /Gbi 53 dB/15 dB/4.8 dB/15 dB

3dB angle of the UAV φ3 dB 0.4◦

Off axis angle of the UAV φ 0.6◦

Maximum transmitting power ps/pg/pbi(dB) 50 dB/40 dB/20 dB

Table 2. Terrestrial network parameters

Notation Value

Node Height hg/hbi/hu 200m/30 m/0 m

Radius of the DAS R 1000m

Pass loss index α 4

Projection location of the UAV/SU/PU (0,0)/(500,π/3)/(300,3π/2)
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Fig. 2. OP with different cognitive threshold



OP Analysis of UAV Assisted Satellite-Terrestrial Network 367

curve of OP trends to be saturated eventually. It also can be found that when Ith

increases, the value of OP decreases, when Ith = 50dB, the curve of OP decreases
monotonically. Thus, when the interference power constraint is stricter, the OP
of SSU is worse to protect the common communication between DAS and PTU.
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O
ut
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t
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N
t
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Fig. 3. OP with different number of DA ports

Figure 3 describes the OP for changing pbi as well as the number of DA
ports. It is obvious that when the transmitting power of DA port increases, the
performance of OP decreases. This is because the transmitting signal of DA
ports could cause interference to SSU. Moreover, if we increase the number of
the DA ports, the OP at the SU will be worse. The reason for this phenomenon
is that when the number of the DA ports increases, the condition of terrestrial
communication becomes better, which causes the communication quality at SSU
be worse. Besides, we can find that the approximated closed-form expression is
still accurate despite of the approximation closed-form OP derivation in (18)
and (19).

Finally, we investigate the outage probability performance based on the fixed
satellite transmitting power and fixed UAV transmitting power(50 dB and 40 dB
respectively)in Fig. 4. It is obvious that the value of the system OP increases
when the transmitting power of the DAS increases. Moreover, when the trans-
mitting channel at the terrestrial network become better, the system perfor-
mance becomes worse than the previous. The main idea of Fig. 3 and Fig. 4 is
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illustrating the consequences of the terrestrial DAS network towards satellite
communication. However, even if the proposed HSTCN needs to make a balance
between satellite communication and the terrestrial network, air-ground integra-
tion did improve the total system transmission efficiency and expand the system
coverage area. Several optimization problems for this model can be conducted
to enhance system performance.

5 Conclusion

This paper presents a novel HSTCN model, where the framework containing
UVA and DAS is set as terrestrial network. With mathematical derivation and
integration operation, the closed-form OP expression of the satellite user is
researched in this model. Compared with the existing work, our model is more
complex and may contribute to the investigation of Satellite-UAV communica-
tion in the future. However, there are also some limitations in this paper, for
example, the locations of the SSU, PTU, and the UAV are fixed, the asymptotic
expression is also needed for OP performance analysis.
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