
Received September 10, 2019, accepted September 22, 2019, date of publication September 30, 2019,
date of current version October 9, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2944406

Outage Analysis of Non-Orthogonal Multiple
Access-Based Integrated Satellite-Terrestrial
Relay Networks With Hardware Impairments
XIAOGANG TANG 1,3, (Member, IEEE), KANG AN 2, (Member, IEEE),
KEFENG GUO 1, (Member, IEEE), YUZHEN HUANG 4, (Member, IEEE),
AND SUN’AN WANG3, (Member, IEEE)
1School of Space Information, Space Engineering University, Beijing 101407, China
2Sixty-third Research Institute, National University of Defense Technology, Nanjing 210007, China
3School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China
4Artificial Intelligence Research Center, National Innovation Institute of Defense Technology, Beijing 100039, China

Corresponding author: Kefeng Guo (guokefeng.cool@163.com)

This work was supported in part by the National Science Foundation of China under Grant 61401508, Grant 51375368, and
Grant 61901502, and in part by the Research Project of National University of Defense Technology (NUDT) under Grant ZK18-02-11.

ABSTRACT In this article, we investigate the impact of hardware impairments (HIs) on the performance
of non-orthogonal multiple access (NOMA) based integrated satellite-terrestrial relay networks (ISTRNs).
Particularly, we obtain the novel closed-form expression for the outage probability (OP) of the considered
NOMA-based ISTRNs with HIs. Furthermore, to get further insights of the effect of HIs on the considered
system in high signal-to-noise ratios (SNRs) scenario, the asymptotic expression for the OP is also obtained,
which provides an efficient way to evaluate the system performance, and effective quantification of different
parameters on the system performance. Furthermore, we study the energy efficiency (EE) of the considered
system and obtain interesting findings when NOMA scheme is applied. At last, numerical Monte Carlo (MC)
results are given to verify the correctness of the theoretical results.

INDEX TERMS Non-orthogonal multiple access (NOMA), integrated satellite-terrestrial relay networks
(ISTRNs), hardware impairments (HIs), outage probability (OP), energy efficiency (EE).

I. INTRODUCTION
Satellite communication (SatCom) has become a promising
approach due to the growing demand for higher quality,
greater capability and wider coverage of wireless services [1].
However, in practical satellite systems, the obstacles and
shadowing between the satellite and the terrestrial user may
result in a masking effect, which makes the line-of-sight
(LOS) communication difficult to be maintained [2]. In this
context, the relay cooperation is used to overcome this
disadvantage, for example the fading, shadowing and path
loss [3], [4]. In the era of beyond fifth-generation (5G) net-
works and next generation networks, the integrated satel-
lite and terrestrial communication system has become an
attractive research topic [5]–[8]. Particularly, the concept of
the integrated satellite-terrestrial relay networks (ISTRNs)
exploits terrestrial relays to assist the satellite signal to the
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approving it for publication was Igor Bisio.

destination user, which uses a terrestrial relay to aid the Sat-
Com, has received significant attention, since it can largely
increase both the reliability and throughput of wireless com-
munication systems [9]–[11]. The authors of [9] investigated
the symbol error rate (SER) of the ISTRNs with decode-and-
forward (DF) protocol and interference existed, particularly,
the authors obtained the closed and asymptotic expressions
were also derived. In [10], the authors analyzed the perfor-
mance of integrated fixed satellite service and terrestrial fixed
service for Ka-band. The authors of [11] analyzed the sys-
tem performance of a cognitive integrated satellite-terrestrial
relay network (ISTRN) with spectrum sharing technology
used, especially, the outage probability (OP) for the sec-
ondary network was derived. In [12], the authors studied the
secrecy problem for the ISTRN with multiple eavesdroppers
existing in the network, particularly, a new user scheduling
scheme was proposed for the network. the closed-form and
asymptotic expressions for the average secrecy capacity were
also derived. In [13], the authors provided the approximate
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closed-form expressions of the bit error rate (BER), OP, and
capacity of the considered ISTRN, in addition, the approx-
imated closed-form expressions for the probability density
function (PDF) and cumulative distribution function (CDF)
were also derived for the considered shadowed-Rician (SR)
channel. In [14], the authors obtained the approximate aver-
age SER of the considered amplify-and-forward (AF) ISTRN
with beamforming (BF) and combining technologies. In [15],
the authors derived closed-form expressions for the OP of
both primary and secondary networks with opportunistic sec-
ondary networks selection scheme. In [16], max-max relay
selection scheme was applied in the considered ISTRN,
where multiple terrestrial relays and multiple user were con-
sidered. Particularly, the closed-form expression for the OP of
the considered ISTRN was also obtained. In [17], the novel
and accurate analytical expression of the achievable ergodic
capacity (EC) for the considered downlink ISTRN with mul-
tiple users and co-channel interference (CCI) was derived.
In [18], the authors analyzed the secure transmission problem
in the cognitive ISTRN. In [19], the authors investigated the
effect of cache on the ISTRN. In [20], the authors analyzed
the secure performance for the cognitive ISTRN with beam-
forming applied.

As mentioned before, ISTRN has been proved to be
an effective approach to combat the masking effect and
improve the reliability with enhanced spectrum efficiency.
The other promising way to increase the spectrum efficiency
for future wireless access systems is non-orthogonal multiple
access (NOMA) scheme [21]. Unlike traditional orthogonal
multiple access (OMA) techniques, each user in NOMA
can utilize the entire available resources, e.g., time/frequenc,
which results in an improved spectrum efficiency [22], [23].

Currently, only limited works have analyzed the appli-
cation of NOMA scheme into ISTRN. In [24], the authors
investigated the system performance, such as the EC, energy
efficiency (EE), and OP of NOMA-based downlink land
mobile satellite (LMS) communication networks. In [25],
the authors analyzed the impact of ALOHA technology
on the NOMA-based satellite communication networks.
In [26], the authors focused on the cooperative transmis-
sion method in NOMA-based satellite communication net-
works. Besides, a joint iteration algorithm to maximize the
total system capacity on the foundation of the interfer-
ence temperature limit was proposed for the NOMA-based
ISTRN [27]. In [28], the authors studied the exact and asymp-
totic expressions for the OP of the ISTRN with cooperative
NOMA. In [29], the authors analyzed the EC and OP of the
NOMA-based ISTRN. In [30], the authors analyzed the EC
of the NOMA-based cognitive ISTRN. In [31], the authors
proposed a joint BF and power allocation scheme for the
NOMA-based ISTRN.

However, transmission nodes in the transmission networks
are not ideal for many reasons, for example the ampli-
fier non-linearities, in-phase/quadrature (I/Q) imbalance and
phase noise [32], [33]. The authors in [34] proposed a
general hardware impairments (HIs) model for the wireless

relay network. In [35], the effect of HIs was analyzed for
the SatCom systems, particularly, the exact and asymptotic
expressions for the OP of the considered network with
independent non-identical distribution (i.n.i.d) and HIs were
derived. In [36], the authors investigated the impact of HIs
on the two-way scenarios for the ISTRN. In [37], the authors
studied the effect of HIs on the OP for the cognitive ISTRN.
In [38], the authors analyzed the impacts of HIs and channel
estimation errors (CEEs) on the system performance of the
cognitive ISTRN. In [39], the authors investigated the impact
of HIs on the uplink ISTRN with multiple terrestrial relays.
To the best knowledge of the authors’, the joint effects of
HIs and NOMA on the ISTRN are not understood, which
motivates the contributions presented in this paper.

This paper focuses on the performance of the NOMA-
based ISTRN in the presence of HIs. Specifically, the main
contributions of our work are summarized as follows:
• We first propose a general and practical framework for
the NOMA-based ISTRN, where the promising NOMA
scheme and practical HIs are considered in the network.

• Secondly, we derive the closed-form expressions for
the OP and EE the NOMA-based ISTRN, which give
valuable ways to evaluate the effects of the important
parameters on the performance for the system.

• Lastly, we obtain the asymptotic expression for OP of
the consideredNOMA-based ISTRN,which provides an
effective approach to quantify the system performance at
high SNRs.

The remaining of this paper is shown as follows. Section II
provides the system model and forms the problem of the
considered NOMA-based ISTRN. Section III presents the
exact closed-form expression for the OP of the considered
NOMA-based ISTRN. In addition, the asymptotic analy-
sis for the OP is also given in Section III. In Section IV,
the detailed analysis for EE is derived. Numerical Monte
Carlo (MC) results are obtained in Section V, which show the
correctness of the theoretical analysis. Finally, our work is
summarized in Section VI. The abbreviations and acronyms
are presented in Table 1.

Notations: Bold uppercase letters present matrices and
bold lowercase letters present vectors, |·| denotes the abso-
lute value of a complex scalar; exp (·) is the exponential
function, E [·] is the expectation operator, CN (a, b) denotes
the complex Gaussian distribution of a random vector a and
covariance matrix b.

II. SYSTEM ILLUSTRATION AND PROBLEM
FORMULATION
As shown in Figure 1, we consider a NOMA-based ISTRN
which consists of a satellite (S), a terrestrial relay (R) and two
destinations (namelyD1 andD2) in this paper. DF 1protocol is
used at R. It takes two time slots for the whole transmission
occurs in two time slots. In this paper, we assume that the
direct link between S and Di i ∈ {1, 2} is not available for the

1Due to the increasing of relay’s processing capacity, R can decode the
signals and then forward them.
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TABLE 1. Abbreviations and acronyms.

reason raining, fog, or other masking effect [36].Without loss
of generality, all the transmission nodes are equipped with
only one antenna, respectively.2

During the fist time slot, S transmits its signal s (t) with
E
[
|s (t)|2

]
= 1 to R. The signal received at R is given by

yR (t) = fSR,k
[√

PSs (t)+ ηSR (t)
]
+ nR (t) , (1)

where fSR,k denotes the channel coefficient modeled as
shadowed-Rician (SR) fading, PS is the transmit power

2Please note that, in order to simplify the analysis, all the transmission
nodes are equipped with only one antenna. However, the analysis in the
following is still available for the case with multiple antennas with BF
technology is applied. What’s more, the derived results can be served as
a benchmark of the future performance analysis and can give valuable
information for the NOMA-based ISTRN.

FIGURE 1. The description of the system model.

from S. On the foundation of NOMA scheme, the trans-
mitted signal can be shown as s (t) = a1x1 (t) + a2x2 (t),
where x1 (t) and x2 (t) are the target transmitted signal to
D1 and D2. Besides, we assume that a1 > a2 for the reason
that the channel of user D1 is weaker than that of user D2;
thus higher power portion is allocated to user D1. ηSR (t)
is the distortion noise caused by HIs which is shown as
ηSR (t) ∼ CN

(
0, k2SR1 a

2
1PS + k

2
SR2

a22PS
)
3 [35], a1 and a2

are the transmit power allocation (PA) factors of D1 and D2,
respectively, according to the NOMA theme. Particularly,
a21 + a22 = 1. kSR1 and kSR2 present the HIs level [40] for
transmitted signal x1 (t) and x2 (t) at R, respectively, nR (t) is
the additive white Gaussian noise (AWGN) at R distributed
as nR (t) ∼ CN

(
0, δ2R

)
.

After R receives the signal, successive interference cance-
lation (SIC) is applied [21] as follows: at first, x1 is decoded
and then removed from the signal received. Then, R decodes
the x2 from the remained signal.

On this foundation, the signal-to-interference-plus-noise-
and-distortion ratio (SINDR) of decoding x1 at R can be
given as

γR,1 =

∣∣fSR,k ∣∣2PSa21
k2SR1

∣∣fSR,k ∣∣2PSa21 + ∣∣fSR,k ∣∣2PS (1+ k2SR2) a22 + δ2R
=

γ1a21

γ1

[
k2SR1a

2
1 +

(
1+ k2SR2

)
a22
]
+ 1

, (2)

where γ1 =
|fSR,k |

2PS
δ2R

.

3We should point out here, the HIs level not only depends on the hardware
but also the transmitted signal, so here we use two different kSR1 and kSR2 .
In the simulation Section, in order to simplify the analysis, we assume that
kSR1 = kSR2 = k , which will be given detailedly in the following.
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The signal-to-noise-and-distortion ratio (SNDR) of decod-
ing x2 at R can be given as

γR,2 =
γ1a22

γ1k2SR2a
2
2 + γ1k

2
SR1

a21 + 1

=
γ1a22

γ1

(
k2SR2a

2
2 + k

2
SR1

a21
)
+ 1

. (3)

We should note that γR,2 can be achieved if γR,1 > γth,
i.e., the SIC is perfectly used at R to remove the signal x1 (t)
with γth is the outage threshold of the system.
In the second time slot, R forwards the detected super-

imposed signal s (t) to D1 and D2, respectively, hence the
received signal at Di is obtained as

yDi (t)=hRDi
[√
PR (ξ1x1 (t)+ ξ2x2 (t))+ηRD (t)

]
+nDi (t) ,

(4)

where hRDi is the channel coefficient between R and Di
and modeled as Rayleigh fading. PR is the transmit power
at R, xi (t) is the detected signal of the target receiver,
ξj j ∈ {1, 2} satisfying ξ1 > ξ2 and ξ21 + ξ22 = 1
are the PA factors at R, respectively.4 ηRD (t) is the dis-
tortion noise caused by HIs which is shown as ηRD (t) ∼
CN

(
0, k2RD1

ξ21PR + k
2
RD2

ξ22PR
)
[35], kRD1 and kRD2 present

the HIs level [40] for the transmitted signal at Di, respec-
tively, nDi (t) is the AWGN at Di distributed as nDi (t) ∼
CN

(
0, δ2Di

)
. Thus, D2 implements SIC by detecting x1 (t)

(while considering its own message x2 (t) as a noise).
With the help of (4), the SINDR at D2 for signal x1 (t) can

be written as

γD2,1 =
γ2ξ

2
1

γ2

[
k2RD1

ξ21 +
(
1+ k2RD2

)
ξ22

]
+ 1

, (5)

where γ2 =
∣∣hRD2 ∣∣2PR

δ2D2

.

With the similar restricting factor shown as (2),
γD2,1 should satisfy γD2,1 ≥ γth. D2 extracts the detected
message from the received signal and detects its own signal,
hence the final SNDR for signal x2 (t) can be derived as

γD2,2 =
γ2ξ

2
2

γ2

(
k2RD2

ξ22 + k
2
RD1

ξ21

)
+ 1

. (6)

Next, D1 can detect x1 (t) by treating x2 (t) as a noise,
the received SINDR at D1 is given by

γD1,1 =
γ3ξ

2
1

γ3

[
k2RD1

ξ21 +
(
1+ k2RD2

)
ξ22

]
+ 1

, (7)

where γ3 =
∣∣hRD1 ∣∣2PR

δ2D1

.

4The same channel fading is assumed here, i.e., the channel of user D1 is
weaker than that of user D2.

As DF protocol is used at R and with the help of (2), (5)
and (7), the obtained SINDR for x1 (t) is given by5

γD1 = min
(
γR,1, γD2,1, γD1,1

)
. (8)

Similarly, from (3) and (6), the derived SNDR at x2 (t) is
given by

γD2 = min
(
γR,2, γD2,2

)
. (9)

In this paper, we define the SINDR of the system as

γe = min
(
γD1 , γD2

)
(10)

III. PERFORMANCE ANALYSIS
In order to investigate the system performance conveniently,
the statistical property of the terrestrial link and satellite links
are fist obtained.

A. THE CHANNEL MODEL
1) TERRESTRIAL CHANNEL MODEL
In the considered NOMA-based system, we assume that the
channel model of whole terrestrial links’ is shown as inde-
pendent and identically distribution (i.i.d) Rayleigh fading.
On this foundation, the PDF for γU (U ∈ {2, 3}) is given by

fγU =
1
γ̄U

e−
x
γ̄U , (11)

where γU is the average channel gain.
The CDF of γU is given by

FγU = 1− e−x/γ̄U . (12)

2) SATELLITE CHANNEL MODEL
In modern satellite communications, multibeam technology
is widely used to increase the spectral efficiency, which
should be taken into account in modeling the satellite chan-
nel. For geosynchronous earth orbit (GEO) satellite, multi-
ple beams are often generated through array-fed reflectors,
which is more efficient than direct radiating arrays. In this
case, the radiation pattern of each beam is fixed, so that the
on-board precessing can be significantly reduced [41]. Fur-
thermore, time division multiple access (TDMA) [31], [35]
scheme is adopted so that there is only one Earth station (ES)
scheduled within each beam at any given time.

Next, the channel coefficient fSR,k between the ES and the
k-th on-board beam for downlink is given by

fSR,k = CSR,khSR,k , (13)

where hSR,k represents the random shadowing Rician coeffi-
cient of satellite channel, and CSR,k denotes the radio propa-
gation loss including the effects of free space loss (FSL) and
the antenna pattern, which is described as

CSR,k =
λ

4π

√
GSR,kGES√
d2 + d20

, (14)

5The signal x1 (t) not only exists in R andD1, but also exists inD2 for the
reason of NOMA scheme.
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where λ denotes the carrier wavelength, d is the distance
between the ES and the center of the k-th center beam, and
d0 ≈ 35786km is the height of a GEO satellite. Besides,
GES is the antenna gain of the ES andGSR,k is the k-th satellite
on-board beam gain.

According to [42], the antenna gain for the ES with
parabolic antenna can be approximately expressed as

GES (dB) '


Gmax, for 0◦ < β < 1◦

32− 25 logβ, for 1◦ < β < 48◦

−10, for 48◦ < β ≤ 180◦,

(15)

where Gmax is the maximum beam gain at the boresight, and
β denotes the off-boresight angle. As for GSR,k , by defining
θk as the angle between the ES position and the k-th beam
center with respect to the satellite, and θk as the 3dB angle of
the k-th on-board beam, the antenna gain from the k-th beam
to the ES is approximated by [43], [44]

GSR,k ' Gmax

(
J1 (uk)
2uk

+ 36
J3 (uk)

u3k

)2

, (16)

where Gmax denotes the maximal beam gain, uk =

2.07123 sin θk/ sin θk , J1 and J3 denote the first-kind bessel
function of order 1 and 3, respectively. In order to get the best
system performance, hence θk → 0,6 as a result of GSR,k ≈
Gmax. On this foundation, we can have fSR,k = Cmax

SR,khSR,k .
7

As for the random shadowing hSR,k , besides the mathemat-
ical models, including Loo, Barts-Stutzman, and Karasawa,
the SR channel proposed in [45], is the commonly used
channel model for LMS communication [9], [9], [13], [46].
According to [45], the channel coefficient hSR,k is modeled as
hSR,k = hSR,k+ h̃SR,k , where the elements of LOS component
hSR,k undergo i.i.d Nakagami-m distribution while those of
the scattering component h̃SR,k follows the independent iden-
tical distribution (i.i.d) Rayleigh fading distribution.8

Furthermore, the PDF of γ1 = γ̄1
∣∣∣Cmax

SR,khSR,k
∣∣∣2 is given by

fγ1 (x) =
α1

γ̄1
e−

β1
γ̄1 1F1

(
m1; 1;

δ1

γ̄1
x
)
, x > 0, (17)

6In this paper, it is noted that the location information can be available
on-board the satellite, which is applicable of pointing the radiation direction
to the maximum direction for the ES. Hence, here we considered the maxi-
mum case.

7Since satellite links are slow fading process, it is commonly assumed
that the channel experiences slow fading and perfect channel state informa-
tion (CSI) is available. This can be realized by feedback/ training sent from
the terminals via a return channel. It is noted that here, by using software
defined architecture, a gateway (GW) operates as a control center to collect
and manage various kinds of information in the whole network, and the per-
fect CSI is available at the GW, which can be realized by feedback/training
sent from the user terminals via a return channel, and has already been
presented in DVB-S2 [47].

8The SR channel is a very popular channel model that is used in the satel-
lite transmission links [11], [12], [15], [16]. The SR channel is a Rice model
in which the LOS is random. Among the proposed models for land mobile
satellite channels, the SR model proposed originally by Loo [48] has found
wide applications in different frequency bands such as the UHF-band [49],
L-band [50], S-band [51], and Ka-band [48]. In Loo’s model, the amplitude
of the LOS component is assumed to be a lognormal random variable.

where 1F1 (a; b; x) denotes the confluent hypergeomet-
ric function defined in [52]. γ̄1 is the average signal-
to-noise ratio (SNR) between the Alice and R, α1 =(

2b1m1
2b1m1+�1

)m1
/2b1, β1 = 1

2b1
, δ1 =

�1
2b1(2b1m1+�1)

with
m1 ≥ 0, 2b1, and �1 are represented as the fading severity
parameter ranging from 0 to ∞, the average power of the
multipath component and the average power of the LOS
component, respectively. In this paper, we assume that m1 ia
an integer, hence the PDF of γ1 is given by

fγ1 (x) = α1

m1−1∑
k1=0

(1− m1)k1(−δ1)
k1

(k1!)2γ̄
k1+1
1

xk1 exp (−11x), (18)

where 1 = β−δ
γ̄1

, and (·)k denotes the Pochhammer sym-
bol [52].

On this foundation, by using [53], the CDF of γ1 is obtained
as

Fγ1 (x)=1− α1
m1−1∑
k1=0

k1∑
t=0

(1− m1)k1(−δ1)
k1

k1!(γ̄1)k1+1t!1
k1−t+1
1

x te−11x .

(19)

B. OP
From the definition of OP [37], it is defined as the SINDR
falls below a predefined threshold γth, namely,

Pout (γth) = Pr (γe ≤ γth) = Pr
[
min

(
γD1 , γD2

)
≤ γth

]
= 1− Pr

(
γD1 > γth

)
Pr
(
γD2 > γth

)
= P1 + P2 − P1P2, (20)

where P1 = Pr
(
γD1 < γth

)
and P2 = Pr

(
γD2 < γth

)
. The

detailed expression for P1 and P2 will be given in the follow-
ing.
Lemma 1: The closed-form expression for P1 is given by

P1=1−
m1−1∑
k1=0

k1∑
i=0

α1(1− m1)k1(−δ1)
k1

i!1k1−i+1
1 γ̄

k1+1
1 k1!

(
11γth

A− Bγth

)k1
×exp

(
−

(
11γth

A− Bγth
+

γth

γ̄3 (C−Dγth)
+

γth

γ̄2 (C − Dγth)

))
,

(21)

where A = a21, B = k2SR1a
2
1 +

(
1+ k2SR2

)
a22, C = ξ21 and

D = k2RD1
ξ21 +

(
1+ k2RD2

)
ξ22 .

Proof: See Appendix A. �
Lemma 2: The closed-form expression for P2 is obtained

as

P2 = 1−
m1−1∑
k1=0

k1∑
i=0

α1(1− m1)k1(−δ1)
k1

i!1k1−i+1
1 γ̄

k1+1
1 k1!

(
11γth

G− Hγth

)k1
× exp

(
−

(
11γth

G− Hγth
+

γth

γ̄2 (P− Qγth)

))
, (22)

where G = a22, H = k2SR2a
2
2 + k2SR1a

2
1, P = ξ22 and Q =

k2RD2
ξ22 + k

2
RD1

ξ21 .
Proof: See Appendix B. �

141262 VOLUME 7, 2019



X. Tang et al.: Outage Analysis of NOMA-Based ISTRNs With HIs

C. ASYMPTOTIC OP
In the following, in order to obtain further insights of the
effect of important system parameters on the OP of the con-
sidered NOMA-based ISTRN at high SNRs. Hence, we give
the following analysis.

To obtain deep understanding at high SNRs, the asymptotic
OP is necessary to be derived. Recalling (12) and (19), when
γ 1 is growing larger enough, they can be re-given by

Fγ1 (x) ≈
α1

γ̄1
x + o (x) , (23)

where o (x) is the infinitesimal of higher order for x.
By the same way, when γU is growing larger enough, (11)

is re-obtained as

FγU (x) ≈
x
γ̄U
+ o (x) . (24)

Lemma 3: The asymptotic expression for OP of the con-
sidered system is given by

P∞out (γth) ≈
α1

γ 1

(
γth

A− Bγth
+

γth

G− Hγth

)
+

γth

γ̄3 (C − Dγth)

+
γth

γ̄2

[
1

(C − Dγth)
+

1
(P− Qγth)

]
. (25)

Proof: By replacing (12), (19) with (24) and (23),
respectively, and following the similar ways and ignoring
higher order terms, (25) will be derived. �
In this sequal, we obtain the diversity order and coding

gain. By letting γ̄1 = γ̄2 = γ̄3 = γ̄ , then (25) is given by

P∞out (γth) ≈ Ga

(
1
γ

)Gd
, (26)

where Gd = 1 is the diversity order and the coding gain of
the considered NOMA-based ISTRN is derived as

Ga=
α1γth

A− Bγth
+

α1γth

G− Hγth
+

2γth
C − Dγth

+
γth

P− Qγth
. (27)

IV. ENERGY EFFICIENCY
In ISTRNs, the satellite and the terrestrial nodes are often
powered by solar panels or batteries, more reliable transmis-
sion is commonly achieved at the expense of more trans-
mission power consumed. However, the recharge/discharge
technologies have been an important issue to limit the devel-
opment in ISTRNs. Hence, it is very necessary for us to
investigate the EE for the considered NOMA-based ISTRNs
rather than only analyzing the transmission. With the help
of [54], the definition of EE is shown as

θEE =
Rsys

ζPs + Pint
, (28)

where Rsys presents the system sum rate, ζ > 1 depends
on the efficiency of power amplifier, Pint denotes the fixed
power consumption which consists the circuit power and

TABLE 2. System parameters.

TABLE 3. Channel parameters.

other waste power. In this paper, we assume that Rsys =
Csys = log2 (1+ γe), hence (28) is rewritten as

θEE =
log2 (1+ γe)
ξPs + Pint

. (29)

V. NUMERICAL RESULTS
In this section, MC results are given to verify the correctness
of the performance analysis. With losing of no generality,
we set δ2R = δ2D1

= δ2D2
= 1 and denote γ 1 = γ 2 =

γ 3 = γ , kSR1 = kSR2 = kRD1 = kRD2 = k . Besides,
we consider γth=3dB for the OP analysis in Figure 2, Figure 3
and Figure 5. The system and channel parameters are given
in Table 2 [39] and Table 3 [53], respectively. Different power
coefficient combinations, namely, Case I: a21 = ξ21 =0.7,
a22 = ξ22 =0.3; Case II: a21 = ξ21 =0.8, a

2
2 = ξ22=0.2 are

adopted. In Figure 4, we set γ = 30dB. ζ = 2, Pint =
5dBW [23] for Figure 6 and Figure 7.

FIGURE 2. OP versus γ̄ with Case I.

Figures 2-5 depict the OP of the considered NOMA-based
system. We can find that the analytical results are the same
with the MC simulations. The asymptotic results are tight
across the simulations at high SNRs, which confirm the
correctness of our theoretical results. Moreover, we can find
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FIGURE 3. OP versus γ̄ between Case I and Case II, respectively, for FHS.

FIGURE 4. OP versus different γth for Case I.

FIGURE 5. OP versus γ for Case I of x2 between NOMA and
TDMA [31], [35].

that from the comparison between Figure 2 and Figure 3,
when the power of the weak channel is larger, the OP will
be enhanced. This is because the weak channel can decode
the signal easily. In addition, we can observe that the SINDR
would have an upper bound in Figure 4, namely, when γth is
larger than a specific value, the OP would be always one as

γth grows to infinity. Moreover, we find that the system has
the same specific value for different channel fading, which
means that this specific value is the function of HIs’ level,
not the function of channel fading. Finally, from Figure 5,
we show that the OP of NOMA system is lower than that of
TDMA, which confirms the advantage of employing NOMA
scheme.

FIGURE 6. The energy efficiency of the considered system versus γ̄ for
different channel fading and HIs levels.

Figure 6 examines the energy efficiency of the considered
system versus γ̄ for different channel fading and HIs’ levels.
From Figure 6, we can observe that the EE will be larger
when the level of HIs is smaller. Besides, we can find that the
EE will be enhanced when the channel suffers heavy fading.
We also can find that at first, the EE curves significantly
increase and then, after a certain value, EE decrease with γ̄
increasing. It is very interesting that, the specific value take
place at a small γ̄ .

FIGURE 7. The energy efficiency of the considered system between
NOMA and TDMA versus γ̄ for ILS with k = 0.2.

Figure 7 shows the EE of the considered system between
NOMA and TDMA [31], [35] versus γ̄ for ILS with k = 0.2.
At the same time, it can be found that the EE curves
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of the NOMA scheme are superior to that of the TDMA
scheme, since higher capacity can be achieved with the same
amount of power consumption. This observation shows that
when NOMA scheme is applied in the considered ISTRN,
the energy consumption is significantly alleviated, which is
very useful and helpful for the case with limited energy
resources, namely, solar panel, battery pack. In addition,
it can further give a good industrial suggestion, for the reason
that smaller rockets will be selected.

VI. CONCLUSION
In this paper, we investigated the effects of HIs on the per-
formance of NOMA-based ISTRNs. Particularly, we derived
the closed-form expression for the OP of the considered
NOMA-based ISTRNs. In order to obtain deep insights,
we provided the asymptotic expression for OP in high SNR
regime. Moreover, the diversity order and coding gain were
also derived. The obtained results provided efficient ways
to evaluate the impact of HIs on the performance of the
considered ISTRNs. Furthermore, we analyzed the EE of the
system and found that there existed a maximum value for
the energy efficiency of the system when NOMA scheme
was applied. Furthermore, the system performance can be
obviously improved under the light shadowing, while signif-
icantly degraded when the level of the HIs was larger.

APPENDIX A
PROOF OF LEMMA 1
Recalling (20), P1 can be rewritten as

P1
= Pr

(
γD1 ≤ γth

)
= Pr

(
min

(
γR,1, γD2,1, γD1,1

)
≤ γth

)
= Pr

{
min

[
γR,1,min

(
γD2,1, γD1,1

)]
≤ γth

}
= Pr

(
γR,1 ≤ γth

)
[1− Pr

(
γD2,1 ≤ γth

)
− Pr

(
γD1,1 ≤ γth

)
+ Pr

(
γD2,1≤γth

)
Pr
(
γD1,1 ≤ γth

)]
+
[
Pr
(
γD2,1 ≤ γth

)
+ Pr

(
γD1,1 ≤ γth

)
−Pr

(
γD2,1 ≤ γth

)
Pr
(
γD1,1 ≤ γth

)]
.

(30)

With the help of (2), Pr
(
γR,1 ≤ γth

)
can be given by

Pr
(
γR,1 ≤ γth

)
= Fγ1 (γth/ (A− Bγth)) . (31)

With the help of (19), (31) can be rewritten as

Pr
(
γR,1 ≤ γth

)
= 1− α1

m1−1∑
k1=0

k1∑
t=0

(1− m1)k1(−δ1)
k1γ tthe

−11γth/(A−Bγth)

k1!(γ̄1)k1+1t!1
k1−t+1
1 (A− Bγth)t

.

(32)

Utilizing the similar approaches, Pr
(
γD2,1 ≤ γth

)
and

Pr
(
γD1,1 ≤ γth

)
can be obtained as

Pr
(
γD2,1 ≤ γth

)
= Fγ2 (γth/ (C − Dγth)) , (33a)

Pr
(
γD1,1 ≤ γth

)
= Fγ3 (γth/ (C − Dγth)) . (33b)

Then with the help of (12), (33a) and (33b) are given by

Pr
(
γD2,1 ≤ γth

)
= 1− exp

(
γth/ (C − Dγth) /γ 2

)
, (34a)

Pr
(
γD1,1 ≤ γth

)
= 1− exp

(
γth/ (C − Dγth) /γ 3

)
. (34b)

By substituting (32), (34a) and (34b) into (30), and after
necessary mathematical calculations, the closed-form expres-
sion for P1 will be eventually obtained.

The proof is completed.

APPENDIX B
PROOF OF LEMMA 2
Again from (9), P2 can be rewritten as

P2 = Pr
(
γD2 ≤ γth

)
=
[
Pr
(
γD2,2 ≤ γth

)
+ Pr

(
γR,2 ≤ γth

)
−Pr

(
γD2,2 ≤ γth

)
Pr
(
γR,2 ≤ γth

)]
.

(35)

Then with the similar ways as Appendix A, we can get

Pr
(
γR,2 ≤ γth

)
= Fγ1 (γth/ (G− Hγth))

= 1− α1
m1−1∑
k1=0

k1∑
t=0

(1− m1)k1(−δ1)
k1γ tthe

−11γth/(G−Hγth)

k1!(γ̄1)k1+1t!1
k1−t+1
1 (G− Hγth)t

,

(36a)

Pr
(
γD2,2 ≤ γth

)
= Fγ2 (γth/ (P− Qγth))

= 1− exp
(
γth/ (P− Qγth) /γ 2

)
. (36b)

Then, by utilizing (36a) and (36b) into (35), the final
closed-form expression for P2 will be derived.
The proof is completed.
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