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Abstract

In this paper, we investigate the impact of hardware impairments on the outage performance and the instantaneous
capacity of dual-hop decode-and-forward (DF) satellite relay networks in the presence of co-channel interference.
Specifically, the exact closed-form expression for the outage probability and the analytical expression for the
instantaneous capacity of the system are derived over a shadowed-Rician fading channel, which provides a fast
means to evaluate the impact of hardware impairments on the system performance. Our results demonstrate that the
outage floor occurs and the capacity upper bound appears when the hardware impairments exist. In addition,
simulation results were provided to verify the correctness of the analytical results.

Keywords: Satellite relay network, Hardware impairments, Co-channel interference, Outage probability,
Instantaneous capacity

1 Introduction
A relay is used to improve the coverage, reliability, and
quality of service in wireless systems, which has become
a hot research topic over the past decade [1–4]. A satel-
lite is used as the relay to help a source transmit a signal
in a farther distance when the source itself cannot trans-
mit directly. Satellite relay communication is capable of
providing seamless connectivity and high-speed broad-
band access for worldwide users, especially in the fields
of broadcasting, disaster relief, and navigation, where the
deployment of wired and wireless terrestrial networks is
not economically applicable.
The links between the ground and a satellite are usu-

ally modeled by composite fading distribution to describe
more accurately the amplitude fluctuation (large scale)
of the transmitted signal’s envelope. To this end, the
shadowed-Rician distribution has been proposed in [5]. It
approaches the line-of-sight (LOS) communication using
the Rician distribution, while the fluctuation of the signal’s
amplitude is Nakagami-m distributed. Hence, it agrees
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very well with experimental data, whereas it demonstrates
quite a manageable mathematical tractability.
Capitalizing on the latter features of the shadowed-

Rician distribution, an analytical performance evaluation
of dual-hop amplify-and-forward (AF) systems with a
satellite relay, was provided in [6] and [7]. In [8] and
[9], a single-antenna land mobile satellite (LMS) sys-
tem was investigated, where the source is a satellite and
the relay/destination are terrestrial nodes. Furthermore, a
similar LMS system with the source-to-relay satellite link
was investigated in [10].
However, most research in the area of satellite relay-

ing assumes that the transceiver hardware of the network
node is perfect. This cannot be achieved in practical
communication systems. In practice, hardware suffers
from several types of impairments, e.g., phase noise, I/Q
imbalance, and high power amplifier (HPA) nonlinearities
[11–13]. The impact of hardware impairments on single-
hop wireless communication was broadly investigated
in [14–16]. In addition, as indicated in [17–20], there
is a fundamental capacity ceiling due to the hardware
impairments, which cannot be improved by increasing
the transmission power. In [17], the authors analyzed the
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performance of multiple-input-multiple-output (MIMO)
system; the capacity and the outage probability of the
system were derived. In [18], the authors analyzed the sys-
tem performance of the full-duplex relaying network and
found that the system capacity had an upper bound in
the presence of hardware impairments. In [19], the oppor-
tunistic and partial relaying selection was used in which a
newway was derived to obtain the closed-form expression
for the system performance. In [20], the authors ana-
lyzed the impact of hardware impairments on the fixed-
gain AF relaying Nakagami-m fading channels. Above all,
the system channel they analyzed was just a Rayleigh
or Nakagami-m channel; there are scarcely any papers
that analyzed the effect of hardware impairments on the
shadowed-Rician channel.
Although the aforementioned works have significantly

improved our understanding on the performance and
benefits of a satellite relay network, they only considered a
noise-limited scenario and the ideal case of no co-channel
interference (CCI) at the destination, which are unrealistic
due to the current aggressive reuse of spectrum resources.
In recent years, a great deal of research has focused
on the performance of conventional terrestrial systems
in the presence of CCI over Rayleigh or Nakagami-m
fading channels [21–23]. Due to the reuse of spectrum
resources in practice, the major challenge facing satellite-
terrestrial networks is the problem of interference from
inter-component and/or intra component networks [24].
The authors in [25] first investigated the performance of
satellite-terrestrial networks with CCI at the destination
for the single antenna scenario and analyzed the system
performance.
As described above, we find that it is significant to ana-

lyze the impact of hardware impairments and CCI on
the satellite relay communication network in shadowed-
Rician channel. Until now, to the best of the authors’
knowledge, there is scarcely any paper that analyzes
the impact of hardware impairments on a satellite relay
network with CCI. To fill this gap, we herein inves-
tigate the joint impact of hardware impairments and
CCI on the performance of a dual-hop satellite relay
network.
Our main contributions are summarized as follows:

• Firstly, the closed-form expression for the outage
probability is derived which is applicable to cases
involving an arbitrary number of interferers,
antennas, and hardware impairments, and hence, the
derived expression provides a fast means to
investigate the system performance.

• Secondly, the analytical expression for the
instantaneous capacity of the system, which can be
used to efficiently evaluate the instantaneous capacity
at high signal-to-noise-rates (SNRs), is derived.

• Thirdly, in this paper, the system performance is
analyzed under two channel conditions, that is,
channel parameters are integers or arbitrary values.

The rest of this paper is organized as follows. In
Section 2, the model we analyzed is briefly introduced.
In Section 3, the cumulative distribution function (CDF)
of the end-to-end signal-to-interference-plus-noise-and-
distortion-ratio (SINDR), the exact expression for the
outage probability, and the analytical expression for the
instantaneous capacity are derived. In addition, some sys-
tem performance metrics are provided. In Section 5, the
analytical results are presented. Finally, in Section 5, a
brief summary of our work for this paper is presented. In
the Appendix, the detailed proofs for some Lemmas and
Theorems are given.

2 System and channel models
As shown in Fig. 1, we consider a satellite relay network,
where the source (S) communicates with destination (D)
with the help of the satellite relay (R). S is equipped with
N1 antennas, while D and R are equipped with a sin-
gle antenna, which is a scenario applicable to satellite
relay networks. We assume that the channels of the first
hop and second hop follow the shadowed-Rician fading.
In addition, we assume that the signal received at D is
corrupted by co-channel interference. To achieve a good
trade-off between the performance and implementation
cost, the transmit-antenna-selection (TAS) is used at the
transmitter.
The communication between S andD takes place in two

time slots. In the first time slot, S sends its signal to R.
Similar to [2], when the hardware of each node is ideal,
the received signal at R is given by y1i = h1is + vr , where
y1i is the received signal transmitted by the i-th antenna of
S, h1i is the channel coefficient between the i-th antenna
of S and R, which follows the shadowed-Rician random
variable (RV). s1i is the signal from the i-th antenna of S
with average power P1i = E

[|s1i|2
]
. vr is the additive white

Gaussian noise (AWGN) which is represented as vr ∼
CN

(
0, δ2r

)
at R. However, when the node of the system has

hardware impairments, the received signal changes, which
is given by

y1i = h1i (s1i + η1i) + vr (i = 1, . . . ,N1) (1)

where η1i denotes the distortion noise with zero mean
and variance k21iP1i and k1i is sufficient to characterize the
aggregate level of impairments of the i-th antenna of S →
R channel [26].
In the second time slot, the signal is forwarded to D

by R. The decode-and-forward (DF) relaying protocol is
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Fig. 1 The system model

always used in the satellite relay communication. Hence,
the signal received at D is given by

y2 = h2 (yr + η2) +
I1∑

j=1
gj
(
sj + ηj

)+ vd (2)

where h2 is the independent but non-identically dis-
tributed shadowed-Rician RV between R and D and
gj denotes the channel coefficient between the j-th
interference (I) and D which is an independent but
non-identically distributed Rayleigh RV. yr is the signal
received from Rwith average power P2 = E[ |yr|2], sj is the
signal from the j-th interference with power Pj = E

[∣
∣sj
∣
∣2
]
,

vd is the AWGN which is represented as vd ∼ CN
(
0, δ2d

)

at D, η2 denotes the distortion noise with zero mean and
variance k22P2, ηj denotes the distortion noise with zero
mean and variance k2j Pj of the I, and k2 and kj are sufficient
to characterize the aggregate level of impairments of the
R → D channel and I → D channel, respectively [26]. To
simplify the analysis, we assume that the hardware impair-
ment level of the I → D channel has the same value as
k1 = . . . = kj = . . . = kI1 , j = 1, . . ., I1.

3 System performance
In this section, we present a comprehensive performance
investigation of the system described in the previous
section. Specifically, the description of the shadowed-
Rician channel, the closed-form expression of the outage
performance, and the analytical expression of the instan-
taneous capacity of the considered system with hardware
impairments are derived.

3.1 The end-to-end SINDR of the system
From (1), the SNDR of y1i can be expressed as

γ1i = |h1i|2P1i
|h1i|2k21iP1i + δ2r

= λ1i
λ1i (1 + �1i) + 1

(3)

where λ1i = |h1i|2P1i
δ2r

and k21i = �1i.
Because the TAS protocol is considered, the SNDR of

the first hop is given by

γ1 = max
i=1,...,N1

(γ1i) (4)

In the same way, from (2), the SINDR of the second hop
is given by

γ2 = |h2|2P2
|h2|2k22P2 +

I1∑

j=1

∣
∣gj
∣
∣2Pj

(
1 + k2j

)
+ δ2d

= λ2

λ2�2 +
I1∑

j=1
λj
(
1 + �j

)+ 1
(5)

where λ2 = |h2|2P2
δ2d

, λj = |gj|2Pj
δ2d

, k22 = �2 and k2j = �j.
According to the DF relaying protocol, the end-to-end

SINDR of the system is given by

γe = min (γ1, γ2) (6)
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3.2 The shadowed-Rician channel
Because the S → R and R → D channels are mod-
eled as the shadowed-Rician fading distribution [5], the
probability density function (PDF) of λ1i or λ2 is given by

fλlp (x) = αlp

λlp
e
− βlp

λlp
x
1F1

(

mlp; 1;
δlp

λlp
x
)

, x > 0 (7)

where
{
l, p
}∈{{1, i}, {2}}, λlp is the average SNR of each link,

αlp
�=
(

2blpmlp
2blpmlp+	lp

)mlp

2blp , βlp
�= 1

2blp , δlp
�= 	lp

2blp(2blpmlp+	lp)
,

	lp, 2blp andmlp ≥ 0 correspond to the average power of
the LOS component, the average power of the multipath
component, and the fading severity parameter ranging
from 0 to ∞, respectively. In the following, we consider
the two cases of mlp being either an integer value or an
arbitrary value. In (7), 1F1 (a1; b1; z) denotes the confluent
hypergeometric function defined in [27].

3.2.1 Integermlp value case

If mlp is an integer, with the aid of [28], 1F1
(
mlp; 1;

δlp
λlp

x
)

can be represented as (8)

1F1

(

mlp; 1;
δlp

λ̄lp
x
)

= e
δlp
λ̄lp

x ×
mlp∑

klp=0

(−δlp
)klp(1 − mlp

)
klp
xklp

(
λ̄lp
)klp(klp!

)2

(8)

where (·)q is the Pochhammer symbol.
Substituting (8) into (7), we have

fλlp (x) = αlp

mlp−1∑

klp=0

(
1 − mlp

)
klp

(−δlpx
)klp

(
klp!
)2(

λ̄lp
)klp+1

exp
(

−
(

βlp − δlp

λ̄lp

)

x
)

(9)

Hence, the CDF of λlp can be given by

Fλlp (x0) = αlp

mlp−1∑

klp=0

(−δlp
)klp(1 − mlp

)
klp

(
klp!
)2(

βlp − δlp
)klp+1

γ

(

klp + 1,
(

βlp − δlp

λ̄lp

)

x0

)

(10)

3.2.2 Arbitrarymlp value case
If mlp is an arbitrary value, with the aid of [27],

1F1
(
mlp; 1;

δlp
λlp

x
)
can be rewritten as

1F1

(

mlp; 1;
δlp

λ̄lp
x
)

=
∞∑

klp=0

(
mlp

)
klp

(
δlpx

)klp

(
λ̄lp
)klp(klp!

)2 (11)

Now, to this end, by substituting (11) into (7), we have

fλlp (x) = αlpe
− βlp

λ̄lp
x ∞∑

k=0

(
mlp

)
klp

(
δlpx

)klp

(
λ̄lp
)klp+1(klp!

)2 (12)

Hence, the CDF of λlp is given by

Fλlp (x0) = αlp

∞∑

klp=0

(
mlp

)
klp

(
klp!
)2

δ
klp
lp

β
klp+1
lp

γ

(

klp + 1,
βlp

λ̄lp
x0

)

(13)

3.3 The outage performance
According to [1], the outage probability is defined as the
probability that the instantaneous end-to-end SINDR falls
below a predefined threshold x0. With the help of (6),
the outage probability of the system has the following
expression.

Pout(x0) = Pr(γe ≤ x0)
= Pr [min (γ1, γ2) ≤ x0] (14)

where Pout(x0) is the outage probability of the system.
With the aid of [27], Pout(x0) can be represented as

Pout(x0) = Fγ1 (x0) + Fγ2 (x0) − Fγ1 (x0) Fγ2 (x0) (15)

Next, Fγ1 (x0) and Fγ2 (x0) are derived respectively.

Lemma 1 The CDF of γ1 is derived as (16) and (17)
respectively.

Proof With the help of (4), (10), and (13), Fγ1 (x0) can
be represented as (16), and (17) in both cases, which are
shown at the top of this page and next page, respectively.
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Fγ1 (x0) =
⎧
⎪⎨

⎪⎩

[

α1i
m1i−1∑

k1i=0

(−δ1i)k1i (1−m1i)k1i
(β1i−δ1i)k1i+1(k1i!)2

γ
(
k1i + 1,

(
β1i−δ1i

λ̄1i

)
x0

1−�1ix0

)
]N1

, x0 < 1
�1i

1, x0 ≥ 1
�1i

(16)

Fγ1 (x0) =

⎧
⎪⎨

⎪⎩

[

α1i
∞∑

k1i=0

(m1i)k1
(k1i!)2

δ
k1i
1i

β
k1i+1
1i

γ
(
k1i + 1, β1i

λ̄1i

x0
1−�1ix0

)
]N1

, x0 < 1
�1i

1, x0 ≥ 1
�1i

(17)

Lemma 2 With the help of (5), Fγ2(x0) is given by (19) and (20), respectively.

Proof Fγ2(x0) can be presented as

Fγ2(x0) = F

⎛

⎜
⎜
⎜
⎜
⎝

λ2

λ2�2 +
I1∑

j=1
λj
(
1 + �j

)+ 1
≤ x0

⎞

⎟
⎟
⎟
⎟
⎠

= F

⎛

⎜
⎜
⎜⎜
⎝

λ2 ≤

I1∑

j=1
λj
(
1 + �j

)
x0 + x0

1 − �2x0

⎞

⎟
⎟
⎟⎟
⎠
. (18)

With the help of (10), (13), and (18), the closed-form expression for Fγ2(x0) is derived as (19) and (20) respectively; a
detailed proof is given in the Appendix.

Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

m2−1∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

α2(−δ2)k2 (1−m2)k2
�(k2+1)(β2−δ2)k2+1 χi,j (A)

μ
−j
〈i〉

(j−1)!

{

�
(
j
)
μ
j
〈i〉 − e−

(β2−δ2)(1+�j)x0
(1−�2x0)λ̄2

k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

m!

[
(β2−δ2)x0

(1−�2x0)λ̄2

]m[
(β2−δ2)x0

(1−�2x0)λ̄2
+ 1

μ〈i〉

]−(v+j)
}

, x0 < 1
�2

1, x0 ≥ 1
�2

(19)

Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

∞∑
k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

α2(m2)k2
�(k2+1)

δ
k2
2

β
k2+1
2

χi,j (A)
μ

−j
〈i〉

(j−1)!

{
�
(
j
)
μ
j
〈i〉 − e−

β2x0
λ̄2(1−�2x0)

k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

λ̄2m!

[
(β2)x0

(1−�2x0)λ̄2

]m[
β2x0

λ̄2(1−�2x0)
+ 1

μ〈i〉

]−(v+j)
}

, x0 < 1
�2

1, x0 ≥ 1
�2

(20)

Theorem 1 When mlp is an integer, Fγe(x0) can be given by (21).
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Proof With the help of Lemma 1 and Lemma 2, and substituting (16) and (19) into (15), (21) is derived.

Fγe (x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[

α1i
m1i−1∑

k1i=0

(−δ1i)k1i (1−m1i)k1i
(β1i−δ1i)k1i+1(k1i!)2

γ
(
k1i + 1,

(
β1i−δ1i

λ̄1i

)
x0

1−�1ix0

)
]N1

+
m2−1∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

α2(−δ2)k2 (1−m2)k2
�(k2+1)(β2−δ2)k2+1 χi,j (A)

μ
−j
〈i〉

(j−1)! ×
{
�
(
j
)
μ
j
〈i〉

−e−
(β2−δ2)(1+�j)x0

(1−�2x0)λ̄2
k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

m!

×
(

(β2−δ2)x0
(1−�2x0)λ̄2

)m[
(β2−δ2)x0

(1−�2x0)λ̄2
+ 1

μ〈i〉

]−(v+j)
}

−
[

α1i
m1i−1∑

k1i=0

(−δ1i)k1i (1−m1i)k1i
(β1i−δ1i)k1i+1(k1i!)2

γ
(
k1i + 1,

(
β1i−δ1i

λ̄1i

)
x0

1−�1ix0

)
]N1

×
{
m2−1∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

α2(−δ2)k2 (1−m2)k2
�(k2+1)(β2−δ2)k2+1 χi,j (A)

μ
−j
〈i〉

(j−1)! ×
{
�
(
j
)
μ
j
〈i〉

−e−
(β2−δ2)(1+�j)x0

(1−�2x0)λ̄2
k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

m!

×
(

(β2−δ2)x0
(1−�2x0)λ̄2

)m[
(β2−δ2)x0

(1−�2x0)λ̄2
+ 1

μ〈i〉

]−(v+j)
}}

, x0 < min
(

1
�1i

, 1
�2

)

1, x0 ≥ min
(

1
�1i

, 1
�2

)

(21)

Theorem 2 When mlp is an arbitrary value, Fγe(x0) can be given by (22).

Proof As with Theorem 1, with the help of Lemma 1 and Lemma 2, and substituting (17) and (20) into (15), (22) is
derived.

Fγe (x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[

α1i
∞∑

k1i=0

(m1i)k1
(k1i!)2

δ
k1i
1i

β
k1i+1
1i

γ
(
k1i + 1, β1i

λ̄1i

x0
1−�1ix0

)]N1

+α2
∞∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1
χi,j (A)

(m2)k2
�(k2+1)

δ
k2
2

β
k2+1
2

μ
−j
〈i〉

(j−1)!

×
{

�
(
j
)
μ
j
〈i〉 − e−

β2x0(1+�j)
λ̄2(1−�2x0)

k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

m!

×
[

β2x0
λ̄2(1−�2x0)

]m[
β2x0

λ̄2(1−�2x0)
+ 1

μ〈i〉

]−(v+j)
}

−
[

α1i
∞∑

k1i=0

(m1i)k1
(k1i!)2

δ
k1i
1i

β
k1i+1
1i

γ
(
k1i + 1, β1i

λ̄1i

x0
1−�1ix0

)
]N1

×
{

α2
∞∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1
χi,j (A)

(m2)k2
�(k2+1)

δ
k2
2

β
k2+1
2

μ
−j
〈i〉

(j−1)!

×
{

�
(
j
)
μ
j
〈i〉 − e−

β2x0(1+�j)
λ̄2(1−�2x0)

k2∑

m=0

m∑

v=0

(m
v
) (1+�j)

v
�(v+j)

m!

×
[

β2x0
λ̄2(1−�2x0)

]m[
β2x0

λ̄2(1−�2x0)
+ 1

μ〈i〉

]−(v+j)
}}

, x0 < min
(

1
�1i

, 1
�2

)

1, x0 ≥ min
(

1
�1i

, 1
�2

)

(22)
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3.4 Instantaneous capacity
In this section, we analyze the instantaneous capacity of
the system, and the analytical expression for the instan-
taneous capacity of the system is given. The approximate
value of the system at high SNRs region is also derived.
In information-theoretical view, the instantaneous

capacity has the following definition which refers to the
value of the instantaneous maximum mutual information
between the source and the destination, which can be
mathematically formulated as

C=1
2
log2 (1 + γe) (23)

where γe is the SINDR of the system and C is the instan-
taneous capacity of the system.
Now, by substituting (4), (5), and (6) into (23), the

instantaneous capacity can be derived as (24) which is at
the top of eleventh page.

C = 1
2
log2 (1 + γe)

= 1
2
log2

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1 + min

⎡

⎢
⎢
⎢
⎢
⎣

max
i=1,...,N1

(
λ1i

λ1i�1i + 1

)
,

λ2

λ2�2 +
I1∑

j=1
λj
(
1 + �j

)+ 1

⎤

⎥
⎥
⎥
⎥
⎦

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(24)

From (24), we find that, when λ1i and λ2 become infi-
nite, (24) achieves a fixed value that is just a function of
�1i and �2 as in (25).

C = 1
2
log2

[
1 + min

(
1

�1i
,
1

�2

)]
(25)

4 Numerical results
In this section, Monte Carlo simulations are provided to
verify the analytical results. Some representative numeri-
cal results are provided to evaluate the impact of hardware
impairments of the considered systems. Here, the analyt-
ical curves of arbitrary the mlp value case are obtained
by using the first 30 terms of the infinite series. In this
section, we assume that m2 = 5, b2 = 0.251,	2 = 0.279
for the channel parameters between R and D, kj = 0.1,
P1i = Pr and

Pj
δ2d

= 1dB. We also assume that N1 = 3 and
I1 = 3 for the simulations. As shown, the analytical results

agree well with the Monte Carlo simulations, which imply
the correctness of the derived theoretical formula.
Figure 2 plots the outage performance of the satellite

relay system with ideal hardware and impaired hardware.
As shown in Fig. 2, we can see that the theory results are
sufficiently tight across the entire SNR with the simula-
tion results, which verifies the correctness of our analysis.
From the results, we can also see that when the channel
is under heavy fading, the system has worse performance
at low SNRs. At high SNRs, the outage probability for the
two conditions is the same only having a relationship with
the impairment level. Moreover, from Fig. 2, we know that
the lower the hardware impairments’ level is, the lower the
outage probabilities are.
Figure 3 examines the impact of the outage thresh-

old on the outage performance of the considered system.
It can be clearly seen that when the system has hard-
ware impairments, the outage probability increases to 1
as the outage threshold increases to a certain constant.
The larger the k1i and k2 are, the lower the outage thresh-
old is. In contrast, when the system has ideal hardware,
there exists no outage threshold for the considered sys-
tem. From the results, we can also see that when the
channel is under heavy fading, the system has worse
performance.
Figure 4 depicts that that hardware impairments have a

small impact on the instantaneous capacity at low SNRs,
but are very influential at high SNRs. It also depicts
that when the system has hardware impairments, the
instantaneous capacity has an upper bound at high SNRs
which is proved by (25). However, the instantaneous
capacity at high SNRs of ideal hardware has no upper
bound.

5 Conclusions
In this paper, we investigated dual-hop satellite relay
networks with hardware impairments and co-channel
interference. Specifically, the exact closed-form expres-
sion for the outage probability of the considered sys-
tem was derived, which made it easy to evaluate the
impact of the impairing parameters on the system perfor-
mance. The results revealed that an outage floor appeared
when the hardware impairments existed. In addition,
the analytical expression for the instantaneous capac-
ity was also derived, which revealed that the instanta-
neous capacity had an upper bound when the system had
hardware impairments. However, when the channel was
under heavy fading, the performance of the system was
worse.

Appendix
In this appendix, the derivations of (19) and (20) are pre-
sented. First, with the help of (10) and (12), (18) can be
further represented as (26) and (27), respectively.
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Fig. 2 Outage probability of the system with ideal hardware and hardware impairments

Fig. 3 Outage probability for different threshold x0



Kefeng et al. EURASIP Journal onWireless Communications and Networking  (2017) 2017:126 Page 9 of 11

Fig. 4 The instantaneous capacity of the system

Fγ2(x0) =

α2

m2−1∑

k2=0

(−δ2)
k2(1 − m2)k2

(k2!)2(β2 − δ2)
k2+1 γ

⎛

⎜
⎜
⎜
⎜
⎝
k2 + 1,

(
β2 − δ2

λ̄2

)

⎡

⎢
⎢
⎢
⎢
⎣

I1∑

j=1
λj
(
1 + �j

)
x0 + x0

1 − �2x0

⎤

⎥
⎥
⎥
⎥
⎦

⎞

⎟
⎟
⎟
⎟
⎠

(26)

Fγ2(x0) = α2

∞∑

k2=0

(m2)k2
(k2!)2

δ
k2
2

β
k2+1
2

γ

⎛

⎜
⎜
⎜
⎜
⎝
k2 + 1,

β2

λ̄2

⎡

⎢
⎢
⎢
⎢
⎣

I1∑

j=1
λj
(
1 + �j

)
x0 + x0

1 − �2x0

⎤

⎥
⎥
⎥
⎥
⎦

⎞

⎟
⎟
⎟
⎟
⎠

(27)

With the help of [27. section 8.252.1] and [27. section 1.111], (26) and (27) can be expanded to (28) and (29),
respectively.

Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

α2
m2−1∑

k2=0

(−δ2)k2 (1−m2)k2
�(k2+1)(β2−δ2)k2+1

⎧
⎪⎨

⎪⎩
1 −

(
β2−δ2

λ̄2

)m
e
−
(

β2−δ2
λ̄2

)(
x0

1−�2x0

)
{

1−
[

I1∑

j=1
λj(1+�j)

]}

×
{

k2∑

m=0

m∑

v=0

1
m!
(m
v
)( x0

1−�2x0

)m
[

I1∑

j=1
λj
(
1 + �j

)
]v}}

, x0 < 1
�2

1, x0 ≥ 1
�2

(28)
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Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

α2
∞∑

k2=0

(m2)k2
�(k2+1)

δ
k2
2

β
k2+1
2

⎧
⎪⎨

⎪⎩
1 −

(
β2
λ̄2

)m
e
−
(

β2
λ̄2

)(
x0

1−�2x0

)
{

1−
[

I1∑

j=1
λj(1+�j)

]}

×
⎧
⎨

⎩

k2∑

m=0

m∑

v=0

(m
v
) 1
m!

(
x0

1−�2x0

)m
[

I1∑

j=1
λj
(
1 + �j

)
]ii⎫⎬

⎭

⎫
⎬

⎭
, x0 < 1

�2

1, x0 ≥ 1
�2

(29)

We first define X =
I1∑

j=1
λj, and the PDF of X can be given by [29]

pX (x) =
ρ(A)∑

i=1

τi(A)∑

j=1
χi,j (A)

μ
−j
〈i〉(

j − 1
)
!
xj−1e−

x
μ〈i〉 , x ≥ 0 (30)

where A = diag
(
μ1,μ2, · · ·μI1

)
, ρ (A) is the number of district diagonal elements of A, μ〈1〉 > μ〈2〉 > · · · > μ〈ρ(A)〉 are

the district diagonal elements in decreasing order, τi (A) is the multiplicity of A, and χi,j (A) is the (i, j)-th characteristic
coefficient of A [30].
From the definition of the conditional probability density function (CPDF), (18) can also be expressed as

Fγ2 (x0) =
∫ ∞

0
Fγ2 (x0|x)pX (x) dx (31)

Substituting (28), (29) and (30) into (31), and after performing some simplifications, (31) can be represented as (32)
and (33).

Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫∞
0 α2

m2−1∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1
χi,j (A)

μ
−j
〈i〉(−δ2)k2 (1−m2)k2

�(j)�(k2+1)(β2−δ2)k2+1 xj−1e−
x

μ〈i〉 dx

− ∫∞
0 α2

m2−1∑

k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

χi,j(A)μ
−j
〈i〉(−δ2)k2 (1−m2)k2

�(j)�(k2+1)(β2−δ2)k2+1

(
β2−δ2

λ̄2

)m

×
k2∑

m=0

m∑

v=0

(m
v
) 1
m!

(
x0

1−�2x0

)m(
1 + �j

)v

×e−
(

β2−δ2
λ̄2

)(
x0

1−�2x0

)
(1+�j)e−

[(
β2−δ2

λ̄2

)(
x0

1−�2x0

)
− 1

μ〈i〉
]
xxv+j−1dx, x0 < 1

�2

1, x0 ≥ 1
�2

(32)

Fγ2(x0) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫∞
0 α2

∞∑
k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

χi,j(A)μ
−j
〈i〉(m2)k2 δ

k2
2

�(j)�(k2+1)βk2+1
2

xj−1e−
x

μ〈i〉 dx

− ∫∞
0 α2

∞∑
k2=0

ρ(A)∑

i=1

τi(A)∑

j=1

χi,j(A)μ
−j
〈i〉(m2)k2 δ

k2
2

�(j)�(k2+1)βk2+1
2

(
β2
λ̄2

)m

×
k2∑

m=0

m∑

v=0

(m
v
) 1
m!

(
x0

1−�2x0

)m(
1 + �j

)v

×e−
(

β2
λ̄2

)(
x0

1−�2x0

)
(1+�j)e−

[(
β2
λ̄2

)(
x0

1−�2x0

)
− 1

μ〈i〉
]
xxv+j−1dx, x0 < 1

�2

1, x0 ≥ 1
�2

(33)

With the help of [27. section 3.351.3], and after simplifications, (19) and (20) are presented.
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