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Outage Performance of Integrated Satellite-Terrestrial
Networks With Hybrid CCI

Yuhan Ruan, Yongzhao Li, Cheng-Xiang Wang, Fellow, IEEE, Rui Zhang, and Hailin Zhang

Abstract— We investigate the outage performance of an inte-
grated satellite-terrestrial network undergoing hybrid co-channel
interference (CCI), which comprises inter-component CCI from
the satellite and intra-component CCI from adjacent base sta-
tions. Taking the interference power constraints imposed by
satellite communications into account, we derive a closed-form
expression for the outage probability (OP) of the terrestrial net-
work, where the satellite link and terrestrial links are modeled as
shadowed-Rician and Nakagami-m fading, respectively. Finally,
simulation results demonstrate the validity of the theoretical
analysis and show the effects of various key parameters on the
OP performance.

Index Terms— Integrated satellite-terrestrial networks, hybrid
co-channel interference, interference power constraints, outage
probability.

I. INTRODUCTION

HAVING the ability to provide ubiquitous coverage and
spatially optimize the usage of scarce spectrum resource,

the integrated satellite-terrestrial network is becoming an
attractive and promising infrastructure for future multimedia
services [1]. In the integrated network, the terrestrial compo-
nent is complementary to the satellite component and licensed
to operate in the same frequency band as the satellite seg-
ment [2]. Although the frequency reuse between satellite and
terrestrial components can improve the spectral efficiency of
the overall system, it will inevitably cause co-channel interfer-
ence (CCI), which is the major challenge of the integrated net-
work. In this regard, the authors in [3] presented several inter-
ference scenarios while a position based interference mitiga-
tion scheme was proposed in [4]. Moreover, the authors in [5]
investigated the symbol error rate performance of a satellite-
terrestrial cooperative network with CCI at the destination.

The above work mainly studied the inter-component CCI
between satellite and terrestrial communications. However,
in the integrated network, when cellular users are located at
the cell edge overlapped by both the satellite and the terrestrial
components, they would also suffer from the intra-component
CCI from adjacent base stations (BSs), resulting in hybrid
CCI together with the inter-component CCI from the satellite.
Among the existing studies, the authors in [6] investigated
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the impacts of hybrid CCI on the integrated network, while
the spatial distribution of the interfering BSs and interference
management were not considered. To fill this gap, this letter
extends the scenario in [6] to a more general one, where
the interfering BSs are characterized as points of a Poisson
point process (PPP) [7]. Under this situation, we investigate
the outage performance for an integrated satellite-terrestrial
network undergoing hybrid CCI. A closed-form expression for
the outage probability (OP) of the terrestrial network is derived
while satisfying the interference power constraints imposed by
satellite communications.

II. SYSTEM MODEL

We focus on the cellular users located at the cell edge
suffering from the inter-component CCI from the satellite
and intra-component CCI from adjacent BSi (i = 1, · · · , N).
Considering a realistic scenario, we characterize the spatial
distribution of interfering BSs as a PPP with intensity λ.
Herein, N BSs are located in a finite circular area centered
around the destination (D) user with radius R, beyond which
the interference is assumed to be negligible due to path loss.
We denote hbd, hid, hbf , and hsd as the channel coefficients of
serving BS→D, adjacent BSi→D, serving BS→fixed satellite
receiver, and satellite→D links, respectively.

In the considered network, the received signal-to-
interference-plus-noise ratio (SINR) at D can be expressed as

γ = Pb|hbd|2
Ia + Is + N0

(1)

where Pb is the transmit power of the serving BS. In the
integrated network, to prevent the sensitive satellite receiver
from being interfered beyond an interference power threshold
Ith [8], Pb should satisfy Pb = min

(
Ith

|hbf |2 , Pm

)
, where Pm

denotes the maximum transmit power of the serving BS. In (1),
Is = Ps|hsd|2 is the interference power from the satellite with
transmit power Ps, N0 is the average noise power, and Ia =∑N

i=1 Pt |hid |2 is the aggregate interference power received
from terrestrial interferers with Pt as the transmit power of
adjacent BSi. We assume the power gain between BSi and
D, |hid|2, decays exponentially with parameter α and follows
Gamma distributions with a shape parameter ktd and a scale
parameter ηtd. According to [9], the aggregate interference
from the PPP based BSs can be approximated as a Gamma
distribution with a shape parameter ka = (E[Ia ])2

Var[Ia ] and a scale

parameter ηa = Var[Ia ]
E[Ia ] , i.e., Ia ∼ G (ka, ηa), where

E [Ia] = 2πPtλ

√
ktd + 1

2ktd

R2−α

2 − α
(2)

Var [Ia] = πP2
t λktd (1 + ktd) η2

td
R2−2α

1 − α
. (3)
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Based on the interference model and interference power lim-
itation described above, the SINR in (1) can be rewritten as

γ = γ̄b|hbd|2
Ĩa + Ĩs + 1

(4)

where γ̄b = Pb/N0 = min
(
γ̄th/|hbf |2, γ̄m

)
denotes the average

signal-to-noise ratio (SNR) with γ̄th = Ith/N0 and γ̄m =
Pm/N0. Here, we have Ĩa = ∑N

i=1 γ̄t |hid|2 with γ̄t = Pt/N0,
and Ĩs = γ̄s|hsd|2 with γ̄s = Ps/N0.

In the following, we provide the related channel models:
The channel power gains of the terrestrial Nakagami-m fad-
ing links h� (� = bd, id, bf) follow the Gamma distribution
G (k�, η�), of which the probability density function (PDF)
can be expressed as

f|h�|2 (x) = xk�−1e
− x

η�

� (k�) η
k�
�

(5)

where � (·) denotes the Gamma function. Meanwhile, we
model the satellite link hsd as a shadowed-Rician fading
channel, and the PDF of |hsd|2 is given as [10]

f|hsd |2(x) = αsde−βsd x
1 F1(msd; 1; δsdx), x > 0 (6)

where αsd
�= 0.5(2bsdmsd/(2bsdmsd + �sd))

msd /bsd, βsd
�=

(0.5/bsd), δsd
�= 0.5�sd/

(
2b2

sdmsd + bsd�sd
)
, �sd is the

average power of line-of-sight component, 2bsd is the average
power of the multipath component, 0 ≤ msd ≤ ∞ is
the Nakagami parameter, and 1 F1(a; b; z) is the confluent
hypergeometric function.

III. OUTAGE PROBABILITY ANALYSIS

We investigate the outage performance of the integrated
satellite-terrestrial network suffering from inter-component
CCI and intra-component CCI. OP Pout is defined as the
probability that the instantaneous end-to-end SINR falls below
a threshold �th, i.e.,

Pout = Fγ (�th) = Pr

(
γ̄b|hbd|2

Ĩa + Ĩs + 1
≤ �th

)
. (7)

By denoting Ĩ = Ĩa + Ĩs, the cumulative distribution
function (CDF) of the SINR, can be re-expressed as

Fγ (y) =
∫ ∞

0
Fγ̄b|hbd|2 (y (x + 1)) f Ĩ (x) dx (8)

where γ̄b|hbd|2 = min
(
γ̄th|hbd|2/|hbf |2, γ̄m|hbd|2

)
. Thus,

Fγ̄b|hbd|2 (x) = Pr

(
|hbd|2 ≤ x

γ̄m
, |hbf |2 ≤ γ̄th

γ̄m

)

+ Pr

(
|hbd|2 ≤ x

γ̄m
, |hbf |2 >

γ̄th

γ̄m

)

+ Pr

(
|hbd|2 ≥ x

γ̄m
, |hbd|2 ≤ |hbf |2x

γ̄th

)
=

Pr

(
|hbd|2 ≤ x

γ̄m

)
+Pr

(
x

γ̄m
≤|hbd|2 ≤ |hbf |2x

γ̄th

)
=

F|hbd |2
(

x

γ̄m

)
+

∫ ∞
x

γ̄m

f|hbd|2 (y)

∫ ∞
yγ̄th

x

f|hbf |2(z)dzdy

︸ ︷︷ ︸
J

. (9)

From (5), we can get

F|hbd|2 (x/γ̄m) = ϒ (kbd, x/(ηbdγ̄m))

� (kbd)
(10)

where ϒ (·, ·) denotes the lower incomplete Gamma function
[11, Eq. (8.350.1)]. Then, the integral J can be derived as

J =
∫ ∞

x
γ̄m

ykbd−1e
− y

ηbd

� (kbd) ηkbd
bd

∫ ∞
γ̄th y

x

zkbf −1e
− z

ηbf

� (kbf) ηkbf
bf

dzdy

(a)=
∫ ∞

x
γ̄m

ykbd−1e
− y

ηbd

� (kbd) � (kbf) η
kbd
bd

�

(
kbf ,

γ̄th y

ηbf x

)
dy

(b)=
kbf −1∑
m=0

(
γ̄th
ηbf

)m
xkbd

� (kbd) ηkbd
bd

(
γ̄th

ηbf
+ x

ηbd

)−m̃

�

(
m̃,

γ̄th

ηbf γ̄m
+ x

ηbdγ̄m

)

(11)

where m̃ = m + kbd. Here, (a) is obtained with the aid of [11,
Eq. (3.351.3)]. In addition, (b) arises by expanding the upper
incomplete Gamma function � (·, ·) as [11, Eq. (8.352.2)].
By summing up (10) and (11), Fγ̄b|hbd|2 (x) can be obtained.

Then, the PDF of Ĩ can be written as

f Ĩ (y) = A yl̃e− y
η̃a G11

12

[
Qy

∣∣∣∣
−l

0,−l̃

]
(12)

where A = ∑msd−1
l=0

αsd(−1)l (1−msd)l δ
l
sd

η̃
ka
a (l!)2γ̄ l+1

s
and l̃ = l + ka. The

derivation of (12) can be found in Appendix A.
In the integrated network, when the interference dominates

the noise, we can approximate Fγ (y) as Fγ (y) =∫ ∞
0 Fγ̄b|hbd|2 (xy) f Ĩ (x) dx . Then, by substituting (10),

(11), and (12) into this equation, Fγ (y) can be
expressed as

Fγ (y) =
∫ ∞

0

Aϒ
(

kbd,
xy

ηbd γ̄m

)

� (kbd)
x l̃e− x

η̃a G11
12

[
Qx

∣∣∣∣
−l

0,−l̃

]
dx

+
kbf −1∑
m=0

A
(

γ̄th
ηbf

)m
ykbd

� (kbd) ηkbd
bd

∫ ∞

0
x l̃+kbd

(
γ̄th

ηbf
+ xy

ηbd

)−m̃

× �

(
m̃,

γ̄th

ηbf γ̄m
+ xy

ηbdγ̄m

)
e− x

η̃a G11
12

[
Qx

∣∣∣∣
−l

0,−l̃

]
dx .

(13)

We define �1 and �2 to represent the first integral and
the second integral in (13), respectively. The derivations of �1
and �2 are given in Appendix B. Finally, by substituting (22),
(23), and (25) into (13), the analytical expression for Pout can
be obtained as shown in (14), as shown at top of this page.

Special case: To illustrate the CCI in the integrated network
intuitively, we focus on analyzing the effect of the interference
power constraints imposed by the satellite communication
in this part. Specifically, when the satellite receiver is very
sensitive (Ith is small) or the serving BS is close to the
satellite receiver, the transmit power of the serving BS will
decrease and mainly be restricted by the interference power
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Pout = Aη̃l̃+1
a G12

22

[
Qη̃I

∣∣∣∣
−l̃,−l
0,−l̃

]
−

kbd−1∑
i=0

L∑
j=0

A
(

ηbd γ̄m
�th

)l̃+ j−i+1

(−1) j i ! j !η̃ j
a

G11
22

[
Qηbd γ̄m

�th

∣∣∣∣
−l̃ − j,−l

0,−l̃

]
+

kbf −1∑
m=0

A� (m̃)

� (kbd) ηkbd
bd

×

m̃−1∑
q=0

e
− γ̄th

ηbf γ̄m

(
γ̄th
ηbf

)q−kbd

q!� (m̃ − q) γ̄
q
m

L∑
p=0

(−1)p�kbd
th

p!Ql̃+kbd+p+1

(
1

η̃a
+ �th

ηbdγ̄m

)p

G22
32

[
ηbf�th

Qηbdγ̄th

∣∣∣∣
−l̃ − kbd − p, 1 − m̃ + q, p − kbd

−ka − kbd − p, 0

]
. (14)

constraints, i.e., Pb = Ith/|hbf |2. Moreover, we assume hbd
undergoes Rayleigh fading, which corresponds to the worst
case in Nakagami-m fading. Consequently, the SINR can be
expressed as γ = X

|hbf |2 with X = γ̄th|hbd|2
Ĩa+ Ĩs

. Then, we have

Fγ (x) = ∫ ∞
0 FX (xy) f|hbf |2(y)dy. Here, FX (x) can be given

as

FX (x) =
∫ ∞

0

∫ ∞

0
F|hbd|2

(
x (z + y)

γ̄th

)
f Ĩa

(z) f Ĩs
(y) dzdy

= 1 − MĨa

(
x

γ̄th

)
MĨs

(
x

γ̄th

)
(15)

where Mγ (·) is the moment generating function MGF of
the corresponding SINR. From the distribution of the ter-
restrial aggregate interference and satellite interference pre-
sented in Section II, we obtain MĨa

(s) = (1 + η̃as)−ka and

MĨs
(s) =

(
s + βsd

γ̄s

)−1
F

(
msd, 1; 1; δsd

γ̄s

(
s + βsd

γ̄s

)−1
)

. Apply-

ing [11, Eq. (9.121.1)], MĨs
(s) can be simplified as MĨs

(s) =(
s + βsd

γ̄s

)msd−1(
s + βsd

γ̄s
− δsd

γ̄s

)−msd
. As a result, FX (x) can

be derived as

FX (x) = 1 −
msd−1∑

l=0

Cl
msd−1β

msd−l−1
sd γ̄ l+1

s

(βsd−δsd)msd γ̄ l
th

xl
(

1 + η̃a x
γ̄th

)−ka

×
(

1 + γ̄sx
(βsd−δsd)γ̄th

)
.
−msd

(16)

Then, Fγ (x) can be expressed as

Fγ (x) = 1 −
msd−1∑

l=0

Cl
msd−1β

msd−l−1
sd γ̄ l+1

s xl

�(kbf )η
kbf
bf (βsd−δsd)msd γ̄ l

th

×
∫ ∞

0
yk̃bf e

− y
ηbf

(
1+ η̃axy

γ̄th

)−ka
(

1 + γ̄sxy
(βsd−δsd)γ̄th

)−msd
dy(17)

where k̃bf = kbf + l − 1. By expanding e
− y

ηbf into series with
L terms, expressing polynomials into Meijer-j function with
[13, Eq. (10)], and utilizing [11, Eq. (7.811.1)], the OP of the
special case, P̃out, can be finally obtained as

P̃out =

1 −
msd−1∑

l=0

L∑
t=0

Cl
msd−1β

msd−l−1
sd γ̄ l+1

s (−1)t η̃−l
a

�(ka)�(msd)�(kbf )t !(βsd−δsd)msd

×
(

γ̄th
η̃aηbf�th

)kbf +t
G22

22

[
γ̄s

(βsd − δsd) η̃a

∣∣∣∣
−k̃bf −t, 1−msd

−k̃bf −1−t+ka, 0

]
.

(18)

Fig. 1. OP versus γ̄th with various maximum transmit power-to-noise ratios.

IV. RESULTS AND ANALYSIS

In this section, numerical simulations were conducted to
corroborate our theoretical results and characterize the effects
of key parameters on the OP performance. In the simulations,
we set R = 10 Km and �th = 3 dB. We assume that the
satellite interfering link experiences average shadowing with
(msd, bsd,�sd) = (8, 0.0129, 0.372) [8]. For terrestrial links,
we set k� = 2 and η� = 0.5.

Fig. 1 illustrates the OP versus interference power threshold-
to-noise ratio γ̄th with various maximum transmit power-to-
noise ratios γ̄m. As observed, the OP under a maximum-power
constraint is inferior compared to that of the system with
no maximum-power constraint (i.e., γ̄m = ∞). Meanwhile,
the looser the constraint is, i.e., γ̄m gets larger, the better
the OP performance is. It can also be seen that due to
the existence of maximum-power constraints, the OP of the
cellular user becomes saturated eventually. Moreover, for the
special case where the transmit power is only restricted by
interference power constraint and the communication link
undergoes Rayleigh fading, the OP decreases monotonously
when γ̄th increases. In this case, when the interference power
constraint is tight, the destination user will suffer from a
particularly poor performance for the protection of the satellite
receiver. To guarantee the performance of both satellite and
terrestrial networks, we should set an exclusion region for the
satellite receiver, within which BSs should conduct effective
spectrum detection and access to the spectrum holes. Fur-
thermore, we can observe that the theoretical results obtained
by (14) and (18) with L = 30 agree well with simulations,
confirming the accuracy of our derivations and simulations.

Fig. 2 depicts the OP for various interfering configurations,
illustrating the impact of two kinds of interference. For terres-
trial interference, it can be observed that the OP performance
degrades when either the adjacent BS transmit power-to-noise
ratio γ̄t increases, or the path loss exponent α decreases, or the
intensity of PPP λ increases. For satellite interference, as γ̄s
increases, the OP performance degrades when γ̄t is small while
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Fig. 2. OP versus γ̄t in various interfering scenarios.

coincides together eventually. The reason for this phenomenon
is that as γ̄t increases, interference from adjacent BSs will
dominate the total interference received at the destination user.

V. CONCLUSIONS

Considering the interference power constraints of satellite
communications, we have investigated the OP of an integrated
satellite-terrestrial network suffering from hybrid CCI. Simu-
lation results have shown that the performance of the terrestrial
communication may be sacrificed when guaranteeing the per-
formance of the satellite communication, which indicates that
we should take the requirements of both networks into account
when performing frequency reuse.

APPENDIX A

The PDF of the sum of two independent and non-identically
distributed interference, f Ĩ (y), can be calculated as

f Ĩ (y) =
∫ y

0
f Ĩs

(x) f Ĩa
(y − x) dx = α1

γ̄s� (ka) (η̃a)
ka

×
∫ y

0
e− y

η̃a (y−x)ka−1e
−

(
βsd
γ̄s

− 1
η̃a

)
x

1 F1

(
msd; 1; δsd

γ̄s
x

)
dx (19)

where η̃a = ηa/N0. From [12], we have 1 F1

(
msd; 1; δsd

γ̄s
x
)

=
e

δsd
γ̄s

x
msd−1∑

l=0

(−1)l (1−msd)l (δsd x)l

(l!)2γ̄ l
s

, then f Ĩ (y) can be written as

f Ĩ (y) = αsde
− y

η̃a

� (ka) η̃ka
a

msd−1∑
k=0

(−1)k(1 − msd)kδ
k
sd

(k!)2γ̄ k+1
s

×
∫ y

0
xk(y − x)ka−1e−Qxdx . (20)

Here, (u)v = � (u + v)/� (u) is the Pochhammer symbol and
Q = βsd

γ̄s
− 1

η̃a
− δsd

γ̄s
. By expressing e−Qx in terms of Meijer-j

function [13, Eq. (11)] and utilizing [11, Eq. (7.811.2)],
the expression of f Ĩ (y) can be obtained as (12).

APPENDIX B
In the derivation of �1, we expand ϒ (n, x) according to

[11, Eq. (8.352.1)] and then obtain

�1 =
∫ ∞

0
Axl̃e− x

η̃a G11
12

[
Qx

∣∣∣∣
−l

0,−l̃

]
dx

︸ ︷︷ ︸
�1

−
kbd−1∑
i=0

Ayi

i !(ηbdγ̄m)i

×
∫ ∞

0
x l̃e− x

η̃a e
− xy

ηbd γ̄m G11
12

[
Qx

∣∣∣∣
−l

0,−l̃

]
dx

︸ ︷︷ ︸
�2

. (21)

By employing [11, Eq. (7.813.1)], �1 can be obtained as

�1 = Aη̃l̃+1
a G12

22

[
Qη̃a

∣∣∣∣
−l̃,−l
0,−l̃

]
. (22)

In the derivation of �2, for avoiding the Meijer-j function with
two variables, we expand e− x

η̃a into series with L terms. With
the aid of [11, Eq. (7.813.1)], �2 can be given as

�2 =
L∑

j=0

(
ηbd γ̄m

y

)l̃+ j+1

(−1) j j !η̃ j
a

G11
22

[
Qηbdγ̄m

y

∣∣∣∣
−l̃ − j,−l

0,−l̃

]
. (23)

To obtain �2, we express � (n, x) according to [11,
Eq. (8.352.2)] and then obtain

�2 = e
− γ̄th

ηbf γ̄m

m̃−1∑
q=0

� (m̃)

q!γ̄ q
m

∫ ∞

0
x l̃+kbd

(
γ̄th

ηbf
+ xy

ηbd

)−m̃+q

× e
−

(
1
η̃I

+ y
ηbd γ̄m

)
x
G11

12

[
Qx

∣∣∣∣
−l

0,−l̃

]
dx . (24)

Similar to �2, we expand the exponential term into series with

L terms and express
(

γ̄th
ηbf

+ xy
ηbd

)−m̃+q
in terms of Meijer-j

function [13, Eq. (10)], Then, applying [11, Eq. (7.811.1)],
�2 can be derived as

�2 =
m̃−1∑
q=0

�(m̃)e
− γ̄th

ηbf γ̄m

(
γ̄th
ηbf

)q−m̃

�(m̃−q)η
kbd
bd Ql̃+kbd+p+1

L∑
p=0

(−1)p

p!q!γ̄ q
m

(
1

η̃a
+ y

ηbdγ̄m

)p

×G22
32

[
ηbf y

Qηbdγ̄th

∣∣∣∣ −l̃ − kbd − p, 1 − m̃ + q, p − kbd
−ka − kbd − p, 0

]
. (25)
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