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Abstract—This paper investigates the effects of practical hard-
ware impairments (HIs) on a cognitive hybrid satellite-terrestrial
networks (CHSTN) with multiple primary users (PUs). The
widely-employed Shadowed-Rician fading distribution is adopted
to model the satellite-terrestrial channel. CHSTN can provide
comprehensive wireless coverage as well as enhanced spectrum
resource usage by considering the requirements of both spectrum
efficiency and reliability. Specifically, we derive the closed-form
expression of the outage probability (OP) for the considered
system in the presence of interference power constraints imposed
by multiple adjacent terrestrial PUs. To gain further insights at
high signal-to-noise ratios (SNRs), the asymptotic expression for
the OP is also derived. Numerical results confirm the correctness
and effectiveness of our performance analysis.

Index Terms—Cognitive hybrid satellite-terrestrial networks
(CHSTN), multi-primary users, hardware impairments (HIs).

I. INTRODUCTION

THE increasing demands for high data rate and seamless
coverage have been viewed as the major challenge of

the future wireless networks. On this front, hybrid satellite-
terrestrial networks (HSTN) have been considered as an at-
tractive and promising infrastructure, which can provide ubiq-
uitous coverage, higher transmission rate and broadcast/multi-
cast reliable service to portable and mobile users [1]. Until
now, researches have focused on the HSTN from various
performance metrics, such as outage probability (OP), ergod-
ic capacity, symbol error rate, throughput in single-antenna
scenarios, where terrestrial relay cooperation was employed
to assist the satellite mobile networks. Besides, extension
works to multi-antenna scenarios with orthogonal space-time
block coding (OSTBC), and beamforming (BF) schemes were
analyzed in [2] and [3], respectively.
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Recently, cognitive ratio (CR) has received much interest
in satellite communications (SatComs) due to the ability of
alleviating the spectrum shortage problem, especially when
the growing number of satellite services is consuming the
already limited spectral resources [4], [5]. The integration of
CR into HSTN can offers the advantages of not only increasing
the overall spectral efficiency by spectrum sharing but also
extending the wireless coverage through the deployment of
relays, and constitute a cognitive hybrid satellite-terrestrial
network (CHSTN) architecture [6]–[12].

However, in practice the hardware nodes in wireless net-
works are not perfect for various practical reasons, such as
amplifier non-linearities, I/Q-imbalance and phase noise [13],
[14]. In [15], the general hardware impairments (HIs) model
was proposed for the relay network. In [16], [17], the authors
investigated impact of HIs on the system performance for the
cognitive terrestrial networks.

However, the effect of HIs on the CHSTN is not understood,
which is necessary in the satellite-terrestrial networks. Thus
this letter investigates the CHSTN with HIs and interference
power constraints imposed by multi-primary users (PUs).
Particularly, the exact and asymptotic expressions for the OP
are derived. To the best of our knowledge, this is the first
time these theoretical results have been obtained, which are
useful to analyze the effect of non-ideal circuit HIs on the
performance of CHSTN. Numerical simulation results are
provided to validate the performance analysis.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider the CHSTN, which consists of a secondary
satellite source (S) communicating with a secondary destina-
tion (D) with the assistance of the terrestrial relay (R) with N
antennas in the presence of M terrestrial primary users (PUs)
with single antenna. S and D are equipped with single antenna,
respectively. As the reasons provided above, all the nodes in
the networks suffer from HIs. We assume that there is no direct
link between S and D due to the rain, fog, or heavy shadowing
[6]. The terrestrial R works in the half-duplex mode with the
decode-and-forward (DF) protocol. Hence, S takes two time
slots to communicate with D. In the first time slot, S sends
its signal s (t) with E

[
|s (t)|2

]
= 1 to R, where E [·] denotes
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expectation. The signal received at R is given by

yR (t) = hSRw
H
SR

[√
PSs (t) + ηSR (t)

]
+wH

SRnR (t) ,

(1)

where hSR is the channel vector between S and R modeled
by the shadowed-Rician (SR) fading, wH

SR the receive BF
weight vector with ∥wSR∥2 = 1, (·)H the conjugate transpose.
PS is the transmit power from S, ηSR (t) the distortion noise
caused by HIs which is present as ηSR (t) ∼ CN

(
0, k2SRPS

)
,

where CN
(
0, k2SRPS

)
is the complex Gaussian distribution of

a random vector 0 and covariance k2SRPS , kSR represents the
HIs level [18]. nR (t) is the additive white Gaussian noise
(AWGN) at R, which is an N × 1 AWGN vector whose
distribution is CN

(
0, δ2RIN×1

)
.

In the second time slot, R forwards the received signal to
D with the DF protocol, and the received signal is given by

yD (t) = wH
RDhRD

[√
PRs (t) + ηRD (t)

]
+ nD (t) , (2)

where wH
RD is the transmit BF vector at R with ∥wRD∥2 = 1,

hRD the channel coefficient vector between R and D modeled
as Rayleigh fading, PR the transmit power of R, ηRD (t)
the distortion noise caused by HIs which is distributed as
ηRD (t) ∼ CN

(
0, k2RDPR

)
, kRD presents the HIs level.

nD (t) is the AWGN at D distributed as nD ∼ CN
(
0, δ2D

)
.

When maximum ratio combining (MRC) and maximum ratio
transmitting (MRT) are used by the system, we can get
wSR = hSR

∥hSR∥ and wRD = hRD

∥hRD∥ .
Hereby, the transmit powers of PS and PR are con-

strained to limit interference at PUs to be below maxi-
mum tolerable interference power Q. It follows that the
received interference powers at PUs from S and R must

be constrained, i.e, E

[
PS

M∑
p=1

∣∣hSPp

∣∣2 (1 + k2SPP

)]
≤ Q

and E

[
PR

M∑
r=1

∣∣wH
RDhRPr

∣∣2 (1 + k2RPr

)]
≤ Q,1 according

to [15], kSPp and kRPr denotes the aggregate level of HIs
of the p-th PU link and r-th PU link, respectively. Conse-

quently, we have [19] PS = Q/

[
M∑
p=1

∣∣hSPp

∣∣2 (1 + k2SPp

)]
and PR = Q/

[
M∑
r=1

|hRPr |
2 (

1 + k2RPr

)]
.

We assume that each PU channel is independently and
identically distributed (i.i.d) with the same channel parameters.
The HIs levels of them are assumed same [15]. Hence, from
(1) and (2), by using PS and PR, the signal-to-noise-and-
distortion-ratio (SNDR) at R and D are expressed as

γR=γSRQ/
[
γSRQk2SR + γSP

(
1 + k2SP

)
δ2R
]
, (3)

γD=γRDQ/
[
γRDQk2RD + γRP

(
1 + k2RP

)
δ2D
]
, (4)

where γSR = Q∥hSR∥2/δ2R, γSP = Q
M∑
p=1

∣∣hSPp

∣∣2/δ2R,

1We consider that the PUs are located in close proximity to each other
with the same fading severity parameter and average powers under the same
satellite beam radius. This is the worse-case scenario instead of the distributed
located PUs, where the maximum interference link is selected to guarantee the
operation of primary network. Noteworthy, the adopted interference constraint
is a stricter one than those in existing works.

kSP1 = kSP2 = · · · kSPM
= kSP , γRD = Q|hRD|2/δ2D,

γRP = Q
M∑
r=1

|hRPr |
2
/δ2D, kRP1 = kRP2 = · · · kRPM

= kRP .

As the DF protocol is used by R, the final SNDR of the
system is given by

γe = min (γR, γD) . (5)

By assuming MRC is used by PUs and setting
M∑
p=1

∣∣hSPp

∣∣2 =∣∣wH
SPhSP

∣∣2 with wSP = hSP

∥hSP ∥ , then we can get
hSJ = FSJgSJ

, J ∈ {R,P} , (6)
where gSJ is the channel coefficient vector, which is often

assumed to undergo SR fading [6]–[8], and FSJ a scaling
parameter including many practical effects, such as free space
loss (FSL) and antenna pattern, which is given byFSJ =
C
√
Gt,SJGr,SJ/

(
4πfdSJ

√
KBTB

)
with C being the light

speed, f the carrier frequency, dSJ the distance between the
satellite and the user, KB = 1.38× 10−23J/K the Boltzman
constant, T the receiver noise temperature, and B the carrier
bandwidth. Meanwhile, Gr,SJ denotes the receive gain, and
Gt,SJ the satellite beam gain, which can be approximately

written as Gt,SJ = Gmax

(
J1(u)
2u + 36J3(u)

u3

)2
[20], with Gmax

being the maximal beam gain and u = 2.07123 sinφ
sinφ3dB

, where
φ is the angle between the location of the corresponding
receiver and the beam center with respect to the satellite, and
φ3dB is the 3− dB angle.

Hence, γSR and γSP are re-written as

γSR = QF 2
SR∥gSR∥2/δ2R

∆
= γ̄SR∥gSR∥2, (7a)

γSP = QF 2
SP ∥gSP ∥2/δ2R

∆
= γ̄SP ∥gSP ∥2, (7b)

where γSR = QF 2
SR/δ

2
R is the average SNR of the S to the

R link and γSP = QF 2
SP /δ

2
R that of the S to PUs link.

Remark 1. It is worth-mentioning that we consider a more
general case of CHSTN with multi-PUs and HIs, where
practical propagation factors, such as satellite beam pattern
and path loss, are taken into account. Thus, our work includes
the system model in [6], [9] as a special case, where only one
PU and ideal hardware is assumed and the scaling parameter
in (6) is reduced to FSJ = 1. Besides, our work extends the
work of [21], when ideal hardware is considered.

III. PERFORMANCE ANALYSIS

Before analyzing the performance of considered network,
we first study the statistical property of the satellite link. In
the PUs’ link, we consider the worst condition. By letting
U = {SR, SP}, hence the probability distribution function
(PDF) of U is given by [22]:

fγU (γU ) =

mU−1∑
ξ1=0

· · ·
mU−1∑
ξN=0

Ξ (NU ) γ
ΛU−1
U e−∆UγU , NU ∈ {N,M},

(8)

where

Ξ (N)
∆
=

N∏
τ=1

ζ (ξτ )α
N
U

N−1∏
υ=1

B

(
υ∑

l=1

ξl + υ, ξυ+1 + 1

)
,
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ΛU
∆
=

N∑
τ=1

ξτ +N , ζ (ξτ ) =
(1−mU )ξτ (−δU )ξτ

(ξτ !)
2(γU )ξτ+1 , ∆U = βU−δU

γU
,

αU
∆
=

(
2bUmU

2bUmU+ΩU

)mU

2bU
, βU

∆
= 1

2bU
, δU

∆
= ΩU

2bU (2bUmU+ΩU ) and
B (., .) denotes the Beta function [23]. ΩU , 2bU and mU ≥ 0
denote the average power of the line of sight (LOS) compo-
nent, the average power of the multi-path component, and the
fading severity parameter ranging from 0 to ∞, respectively.

Based on (8) along with integral computation, the cumula-
tive distribution function (CDF) of γU is given by

FγU (γU ) = 1−
mU−1∑
ξ1=0

· · ·
mU−1∑
ξN=0

ΛU−1∑
m=0

Ξ (N) (ΛU − 1)!γm
U

m!∆Λ−m
U

e−∆UγU .

(9)

In PUs’ link, we consider the worst condition. From [24],
by setting L = {RD,RP}, we can derive the PDF for γRD

and γRP , respectively, as

fγL
(γL) =

ρ(AL)∑
i=1

τi(AL)∑
j=1

χi,j (AL)
µ−j
⟨i⟩

(j − 1)!
γj−1
L e−γL/µ⟨i⟩ ,

(10)
where AL = diag (µ1, µ1, . . . , µJ), J ∈ {N,N ×M},

ρ (AL) is the number of distinct diagonal elements of AL,
µ⟨1⟩ > µ⟨2⟩ > . . . > µ⟨ρ(AL)⟩ are the multiplicity of µ⟨i⟩, and
χi,j (AL) is the (i, j)-th characteristic coefficient of AL [24].

Similarly, the CDF of γL is given by

FγL
(γL) = 1−

ρ(AL)∑
i=1

τi(AL)∑
j=1

χi,j (AL)

j−1∑
m=0

1

m!

(
γL
µ⟨i⟩

)m

e
− γL

µ⟨i⟩ .

(11)

A. OP

According to [15], the OP is defined as the SNDR falls
below a predefined threshold γ0, which can be presented as

Pout (γ0) = Pr (γe ≤ γ0) = Pr [min (γR, γD) ≤ γ0]

= Pr (γR ≤ γ0) + Pr (γD ≤ γ0)− Pr (γR ≤ γ0) Pr (γD ≤ γ0) .
(12)

Next, Pr (γR ≤ γ0) and Pr (γD ≤ γ0) are derived as follows.
First of all, we focus on Pr (γR ≤ γ0). From (3) and (4),

when γ0 < 1/k2SR, we can get

Pr (γR ≤ γ0) = Pr

(
γSRQ

γSRQk2SR + γSP (1 + k2SP ) δ
2
R

≤ γ0

)
=

∫ ∞

0

FγSR

(
γ0δ

2
R

(
1 + k2SP

)
y/
[
Q
(
1− k2SRγ0

)])
fγSP (y) dy.

(13)

Then substituting (8) and (9) into (13), we obtain

Pr (γR ≤ γ0) =

mSP−1∑
ξ1=0

· · ·
mSP−1∑
ξM=0

Ξ (M)
[
(ΛSP − 1)!∆−ΛSP

SP

−
mSR−1∑
ξ1=0

· · ·
mSR−1∑
ξN=0

ΛSR−1∑
m=0

Ξ (N) (ΛSR − 1)!Am

m!∆ΛSR−m
SR

× (ΛSP − 1 +m)!(∆SP +∆SRA)
ΛSP+m

]
, (14)

where A = γ0δ
2
R

(
1 + k2SP

)
/
[
Q
(
1− k2SRγ0

)]
.

Then, by the same manner, when γ0 < 1/k2RD,
Pr (γD ≤ γ0) is given by

Pr (γD ≤ γ0) = Pr

(
γRDQ

γRDQk2RD + γRP (1 + k2RP ) δ
2
D

≤ γ0

)
=

∫ ∞

0

FγRD

(
γ0δ

2
D

(
1 + k2RP

)
y/
[
Q
(
1− k2RDγ0

)])
fγRP (y) dy.

(15)

By substituting (10) and (11) into (15), we can obtain

Pr (γD ≤ γ0)

=

ρ(ARP )∑
ii=1

τi(ARP )∑
jj=1

χii,jj (ARP )
µ−jj
⟨ii⟩

(jj − 1)!

[
(jj − 1)!µjj

⟨ii⟩

−
ρ(ARD)∑

i=1

τi(ARD)∑
j=1

j−1∑
m=0

χi,j (ARD)
1

m!

(
B

µ⟨i⟩

)m

× (jj − 1 +m)!
(
B/µ⟨i⟩ + 1/µ⟨ii⟩

)j+m
]
, (16)

where B = γ0δ
2
D

(
1 + k2RP

)
/
[
Q
(
1− k2RDγ0

)]
.

Finally, by taking (14) and (16) into (12), the final expres-
sion for OP is derived. In order to save the length of page,
here the final expression is omitted.

B. Asymptotic OP

Recalling (8) and (9), when γSR is large, they can be written
as

FγSR (γSR) =
αN
SR

N !

(
γSR

γSR

)N

. (17)

Then substituting (17) and (8) into (13), we can get

Pr (γR ≤ γ0)

=
αN
SRA

N

N !γN
SR

mSP−1∑
ξ1=0

· · ·
mSP−1∑
ξM=0

Ξ (M) (ΛSP − 1 +N)!∆ΛSP+N
SP .

(18)

Using the same manner and assuming that each channel has
the same channel parameters, we can get the CDF of γRD at
high SNRs and the PDF of γRP as, respectively

FγRD (γRD) = (γRD/γ̄RD)
N
/N !, (19)

and

fγRP (γRP ) = γNM−1
RP /

[
(NM − 1)!γ̄NM

RP

]
(20)

Next, by taking (20) and (19) into (15), we can obtain

Pr (γD ≤ γ0) =
(N +N ×M − 1)!BNγN

RP

N ! (N ×M − 1)!γN
RD

. (21)

Furthermore, substituting (18) and (21) into (12), the asymp-
totic expression of OP can be derived.

Finally, if we set γ̄SR = γ̄SP = γ̄RD = γ̄RP = Q/δ2R =
Q/δ2D = γ̄ and ignore higher order terms, we have

P∞
out (γ0) = Φ

(
1

γ

)D

, (22)

then the diversity order D and code gain Φ can be respectively,
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Fig. 1. OP of the system

derived as

D =

D1 = N −M + 2
mSP−1∑
ξ1=0

· · ·
mSP−1∑
ξM=0

ΛSP ,Φ1 > Φ2,

D2 = N,Φ1 ≤ Φ2,

(23)

Φ =

Φ1 =
(

αSR+αSRk2
SP

1−k2
SP γ0

)N mSP−1∑
ξ1=0

· · ·
mSP−1∑
ξM=0

(β1−δ1)(ΛSP−1+N)!

N !∆
−(ξ1+···ξM )
SP

× Ξ(M)

γ̄
−2ΛSP
SP

mSP−1∑
ξ1=0

· · ·
mSP−1∑
ξM=0

(β1−δ1)
MΞ(M)(ΛSP−1+N)!γ

D1
0

∆
−(ξ1+···ξM )
SP

Φ2 = (N+N×M−1)!
N !(N×M−1)!

(
1+k2

RP

1−k2
RP γ0

)N
γD2
0 .

(24)

IV. NUMERICAL RESULTS

In this section, numerical results are provided to validate
the performance analysis. The system parameters are given
as the GEO, f = 2GHz, φ3dB = 0.8◦, Gmax = 48dB,
Gr,SJ = 4dB, B = 15MHz, and T = 300◦K. Without loss
of generality, we set δ2R = δ2D = 1 and in all plots we denote
γSR = γSP = γRD = γRP = γ, k1 = k2 = kSP = kRP = k
and mU = 1, bU = 0.063, ΩU = 0.0007. In Fig. 1 (b), we set
γ= 30dB.

Fig. 1 depicts the OP of the system. It can be derived that
the analytical results agree well with the Monte Carlo (MC)
results. The asymptotic results are tight across the simulation
results at high SNRs, confirming the effectiveness of our
performance analysis. In addition, we can observe from Fig.
1(a) that the OP will be degraded with the increase of M . This
is because a stricter interference constraint is required as M
increases. However, the HIs does not affect the diversity order
of the CHSTN. Furthermore, we can find that the SNDR would
have a ceiling phenomenon in Fig. 1(b), namely, when γ0 is
larger than a specific value, the OP would be always 1 as γ0
grows to infinity. In this case, the existence of HIs determines
an extreme values of γ0 where an outage is inevitable. Besides,
the ceiling effect is just the function of the aggregate HIs level,
and the system performance will be worse when the aggregate
level of HIs is larger.

V. CONCLUSIONS

In this paper, we have investigated the OP of a cognitive
hybrid satellite-terrestrial networks with HIs and multi-primary
users. Specifically, the closed-form expressions of the OP for
the system have been derived. To get further insights, we have

derived the asymptotic expressions of OP at high SNRs. Our
works provides an efficient way to evaluate the impact of non-
ideal hardware on the performance of cognitive hybrid satellite
networks with multi-primary users.
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