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ABSTRACT This paper investigates a satellite-terrestrial system employing the non-orthogonal multiple
access (NOMA) scheme over Shadowed-Rician fading channels. The effects of both imperfect channel
state information (CSI) and imperfect successive interference cancellation (SIC) on the NOMA based
satellite-terrestrial system are taken into account. First, the outage performance of the proposed system is
evaluated, and the closed-form expressions for the exact and asymptotic outage probabilities are obtained.
Next, the expressions of the ergodic sum rate and system throughput are derived in the presence of
channel estimation errors and residual interference. Moreover, we analyze the impacts of different residual
interference levels on the energy efficiency. Finally, the numerical simulation results are conducted to verify
the correctness of theoretical analysis and the advantages of the proposed NOMA scheme. At medium-high
SNR region, the NOMA users are capable of outperforming orthogonal multiple access (OMA) users in
terms of outage behaviors and system throughput with imperfect CSI and imperfect SIC. The ergodic sum
rate decreases as the level of residual interference $ increases, and is even lower than that of OMA once
$ goes beyond a certain value. Additionally, the energy efficiency of NOMA scheme is sensitive to the
imperfect SIC.

INDEX TERMS Satellite-terrestrial system, non-orthogonal multiple access (NOMA), imperfect CSI,
imperfect SIC.

I. INTRODUCTION
With the development of wireless mobile communication
technology, the satellite-terrestrial network has been widely
recognized as an important application scenario for pro-
viding users with global services. Due to the spectrum
scarcity in spatial information networks and the growth of
mobile Internet data, massive connection data has become
an important factor restricting the development of satellite
communication. Non-orthogonal multiple access (NOMA)
serves multiple users on the same time-frequency resource
block, which can effectively improve system capacity,
spectrum efficiency and meet the technical requirements
of large connection [1]–[5]. Therefore, the introduction
of NOMA technology into the satellite network has
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realized an effective management and efficient utilization of
resources.

The NOMA based integrated terrestrial-satellite networks
were investigated, in which the satellite andNOMAbased ter-
restrial networks cooperatively provided services to ground
users [6]. Inspired by the idea of NOMA, a non-orthogonal
signature code for different antenna elements was designed
to improve the hardware efficiency of large scale satel-
lite antenna arrays [7]. The authors proposed a satellite
transmission scheme based on different multibeam in [8]
where the NOMA technology was used by terrestrial users.
To guarantee user fairness, unmanned aerial vehicles were
first integrated into the satellite network adopting NOMA,
and then the outage performance under fixed power distri-
bution was analyzed in [9]. The authors in [10] proposed a
downlink NOMA-based land mobile satellite network, and
analyzed the closed-form expressions of outage probability
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and ergodic sum capacity. Moreover, the energy efficiency
and average symbol error rate performances were obtained
analytically. In order to obtain quasi-optimal performance
and balance user fairness, Jia et al. [11] constructed the
architectures of downlink bandwidth compression NOMA
scheme, and presented the receiver design and signal detec-
tion scheme in satellite-terrestrial networks. In [12], Lin et al.
studied an integrated system with a multi-user down-
link framework, in which the satellite networks employed
NOMA technology to significantly improve the scarce spec-
trum efficiency and service stability. The authors in [13]
investigated the amplify-and-forward relaying assisted cog-
nitive hybrid satellite-terrestrial overlay networks where the
closed-form expressions for exact and asymptotic outage
probabilities were derived. Based on [13], V. Singh et al.
designed an overlay scheme integrating the secondary ground
relay cooperatively into primary direct satellite communi-
cation to achieve diversity gain in primary networks [14].
Taken into account of the wide coverage of satellites and
the vulnerability of communications processes to security
threats, the work in [15] proposed a frequency-domain
non-orthogonal multiple access scheme and studied the
physical layer security of satellite downlink. In addition,
to take full advantage of the multi-antenna technology in
the terrestrial-satellite networks, the authors in [16] inves-
tigated the outage performance of a multiuser dual-hop
satellite relaying system with threshold-based decode-and-
forward protocol, where the relaying satellite exploited the
point-beam scheme to assist the terrestrial multi-antenna
users. In order to maximize the ergodic capacity of terrestrial
users, a virtual uplink based transmit beamforming algorithm
was investigated in a hybrid satellite-terrestrial system [17].

In the real communication scenario, due to the combined
influence of path loss, channel fading and power attenuation,
it is very difficult to obtain perfect channel state informa-
tion (CSI) [18]. In this case, it is necessary to study the
impact of channel estimation error on system performance.
Li et al. in [18] analyzed the performance of NOMA simulta-
neous wireless information and power transfer relaying net-
works overWeibull fading channels, where the imperfect CSI
and residual hardware impairments were taken into account.
The authors in [19] proposed the NOMA based integrated
satellite-terrestrial networks, and studied the effect of impe-
fect CSI on channel estimation by using pilot based channel
estimation method. Finally, the validity of the theoretical
results were verified by Monte-Carlo simulation. In [20],
a genetic optimization algorithm based on NOMA downlink
satellite networks was designed, in which NOMA users were
selected according to the results of support vector machine
classifier.

In addition, due to some potential implementation prob-
lems with successive interference cancellation (SIC) decod-
ing, the assumption of perfect SIC may be invalid in practical
application scenarios [21]. Therefore, it is of great signifi-
cance to investigate the effect of imperfect SIC on NOMA
strategy. In [22], the performance of full-duplex cooperative

NOMA relaying system was studied with in-phase and
quadrature-phase imbalance and imperfect SIC, in which the
outage probability expressions for both far and near users
were derived. The interference from the primary source and
the interference constraint of the primary users were analyzed
in [23], and the exact outage probability and asymptotic
expressions for the secondary users were calculated. Yue et al.
studied the application of NOMA technology in the satellite
communication system and discussed the effect of imperfect
SIC on the performance of the proposed system [24].

Although the aforementionedworks such as [19], [20] have
greatly improved our understanding on the NOMA based
terrestrial-satellite networks under imperfect CSI condition,
it should be noted that they did not take into account the
effect of non-ideal SIC on system performance, and the
channels considered were unordered. Additionally, unlike
in [24], where the authors assumed perfect channel esti-
mation, we consider the practical scenario where channel
estimation is imperfect. These observations inspire the work
of this paper. In this paper, we investigate the performance of
NOMA based satellite-terrestrial system with imperfect CSI
and imperfect SIC under Shadowed-Rician fading channels.
The detailed contributions of this paper are summarised as
follows:

1) We study the outage behavior of the proposed system
and acquire the exact closed-form expressions for the
outage probability on the condition of imperfect CSI
and SIC. In order to get more insights, the asymptotic
outage behavior is derived in the high SNR region.
In addition, the influence of satellite channel param-
eters on system performance is considered.

2) We investigate the ergodic sum rate and system
throughput of the NOMAbased satellite-terrestrial sys-
tem, and the effects of channel estimation error and
residual interference on sum rate and system through-
put are analyzed. Moreover, we discuss the energy effi-
ciency in delay-limited and delay-tolerant transmission
modes respectively.

3) Numerical simulation verifies our analysis results
and the advantages of the satellite-terrestrial system
employing the NOMA scheme. Moreover, the channel
estimation error and residual interference can affect
the system performance in terms of outage probability,
ergodic rate, sum throughput and energy efficiency.

The rest of this article is organized as follows. In Section II,
a NOMA based downlink satellite-terrestrial network is
introduced and instantaneous SINR is derived. The exact
and asymptotic outage performance for the ordered terres-
trial users are analyzed in Section III. Then in Section IV,
the ergodic rate of satellite-terrestrial NOMA networks is
studied. Section V analyzes the sum throughput and energy
efficiency of the proposed system. In Section VI, the cor-
rectness of the theoretical analysis is verified by numerical
simulation. Finally, this paper is summarized in Section VII.

The main notations for this paper are shown below:
FX (·) and fX (·) represent the cumulative distribution
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function (CDF) and the probability density function (PDF)
of a random variable X, respectively; E{·} denotes the expec-
tation operator.

II. SYSTEM MODEL
Consider a downlink satellite-terrestrial system where a
satellite (S) serves N terrestrial users adopting the NOMA
scheme. These N users are randomly deployed within the
coverage area of S. All nodes in the considered system are
equipped with single antenna, and all the links are subject
to Shadowed-Rician distribution. The channel coefficient
between S and terrestrialUEk is denoted by hk . However, due
to the channel estimation error in practical wireless commu-
nication system, the channel coefficient hk estimated at UEk
employing minimum mean squared error can be modeled as
hk = hk + ek , where ek denotes the estimated channel error
with ek ∼ CN

(
0, σ 2

ek

)
.

In the proposed system, S transmits a superposed signal
to terrestrial users. The received signal at UEk can be repre-
sented as

yk =
(
hk + ek

)√
GsGk (ψk) χkakPsxk

+
(
hk + ek

)∑
i 6=k

√
GsGk (ψk) χkaiPsxi︸ ︷︷ ︸

Internal−users interference

+nk , (1)

where GS denotes the satellite antenna gain, PS denotes
the transmission power at S, xk is the transmitted mes-
sage intended for UEk normalised as E

(
|xk |2

)
= 1,

and nk denotes the independent additive white Gaus-
sian noise with the power density σ 2. Gk (ψk) is the
antenna gain of UEk , which is determined by the satel-
lite beam pattern and the position of UEk . We can obtain
Gk (ψk) = Gk

(
J1 (uk) /2 uk + 36 J3 (uk) /u3k

)
in [25] and

uk = 2.07123sinψk/sinψk3dB. ψk3dB denotes the 3 dB angle
betweenUEk and the beam center with respect to the satellite
and Jζ (·) is the first-kind Bessel function with order ζ ,
ζ = {1, 3}. In addition, χk = (c/4π fkdk)2 denotes the free
space loss, where c stands for speed of light, fk is the operating
frequency and dk is the distance between S and the UEk .
ai represents the power allocation coefficients for UEi and
N∑
i=1

ai = 1. Note that the fixed power allocation coefficients

for NOMA users are considered. Optimizing the power allo-
cation coefficient will further improve the performance of
systems and will be implemented in our future work.

The Shadowed-Rician distribution is determined by three
parameters, i.e., the average power of line-of-sight com-
ponent �k , the average power of the scatter 2bk and the
shape parameter of Nakagami-m mk (mk > 0). Mathemati-
cally, the PDF and CDF of

∣∣hk ∣∣2 can be expressed as [26]
f∣∣hk ∣∣2 (x) = αke−βkx1F1 (mk ; 1; δkx) (2)

and

F∣∣hk ∣∣2 (x) = αk
∞∑
i=0

(mk)i δ
i
k

(i!)2 β i+1k

γ (i+ 1, βkx) (3)

where αk = (2 bkmk)mk / (2 bk (2 bkmk +�k)
mk ), βk =

1/ (2 bk), δk = �k/ (2 bk (2 bkmk +�k)), (·)j denotes the
Pochhammer symbol [27, p. xliii]. γ (a, x) =

∫ x
0 e
−t ta−1dt

represents the incomplete Gamma function [27, eq.(8.350.1)]
and 1 F1 (a; b; c) represents the confluent hypergeometric
function [27, eq.(9.100)].
When decoding at users, SIC will be executed at each

user to separate superimposed signals and eliminate the
internal-users interference. Moreover, the users are ordered
by their estimated channel gain as

∣∣h1∣∣2 ≤ ∣∣h2∣∣2 ≤ · · · ≤∣∣hN ∣∣2, and the power is allocated to users in the opposite
order with a1 ≥ a2 ≥ · · · ≥ aN . Therefore, the SIC
decoding sequence is set to {1, 2, · · · ,N }. Assuming l < k ,
then UEk should decode firstly the signals of UEl and sub-
tract its component from his received signals yk . Due to the
effect of imperfect SIC, the residual interference signal from
UEl−1 is regarded as interfering information. For mathemat-
ical tractability, we define γ = PS/σ 2 as the transmit SNR.
Then the SINR for the UEk to decode the signal of UEl can
be expressed as

0k→l =
ρkalγXk

ãlρkγXk +$al−1ρkγXk + ρkγ σ 2
ek + 1

(4)

where ρk = GsGk (ψk) χk , ãl =
∑N

i=l+1 ai for l < N ,

ãN = 0 and the channel gain Xk =
∣∣hk ∣∣2. $ denotes the

level of residual interference from UEl−1 and 0 ≤ $ ≤ 1.
This SIC will be executed until the messages for k users are
all decoded, where the SINR for the k-th user to decode its
own signal can be expressed as

0k =
ρkakγXk

ãkρkγXk +$ak−1ρkγXk + ρkγ σ 2
ek + 1

(5)

For UEN , all the other users’ signals should be detected
first, the received SINR forUEN to decode its own signal can
be expressed as

0N =
ρNaNγXN

$aN−1ρNγXN + ρNγ σ 2
eN + 1

(6)

where the channel gain XN =
∣∣hN ∣∣2.

Due to the same power transmission of L training symbols
for CSI estimation, the variance of estimated channel error
can be modeled as σ 2

ek = 1/ (ρkγL).

III. OUTAGE PROBABILITY
In this section, we investigate the outage performance for the
NOMA based satellite networks with imperfect CSI and SIC.
To guarantee satisfactory quality-of-service (QoS), the data
rates of terrestrial users must be higher than predefined target
data rates. The outage event occurs when the transmission
rate determined by the CSI condition is lower than the target
rate [2]. Let us assume that γthk and Rk represent the target
SINR thresholds and the target rate forUEk , respectively, and
that Rk = log

(
1+ γthk

)
.
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A. EXACT OUTAGE PROBABILITY
The outage event at UEk is defined as UEk fails to decode
its own signal or the signal of UEl , 1 ≤ l ≤ k . The event
that UEk correctly decodes the signal of l-th user can be
represented as

4k,l = {
ρkalγXk

ãlρkγXk +$al−1ρkγXk + ρkγ σ 2
ek + 1

> γthl }

(i)
= {Xk >

γthl θk (1+ 1/L)
al − γthl ãl −$γthlal−1

} (7)

where θk = 1/ρkγ and step (i) satisfies the condition al >
γthl (ãl +$al−1). If the condition is not satisfied, UEk can
never decode the information of UEl successfully regardless
of the transmit SNR. Therefore, the outage probability for
UEk can be represented as

Pkout = 1− Pr
(
4k,1 ∩4k,2 ∩ · · · ∩4k,k

)
(8)

With the aid of order statistics [28] and binomial theorem,
the PDF and CDF of the ordered channel gain Xk can be
expressed as

fXork (x) =
N !

(k − 1)! (N − k)!
fXk (x)

(
FXk (x)

)k−1
×
(
1− FXk (x)

)N−k (9)

and

FXork (x) =
N !

(k − 1)!(N − k)!

N−k∑
j=0

(
N − k
j

)
(−1)j

k + j
Fk+jXk (x)

(10)

respectively. In what follows, we focus on calculating the
closed-form expression for the outage probability of UEk
under the imperfect CSI and imperfect SIC conditions. Let

φk =max{
γth1θ1 (1+ 1/L)
a1 − γth1 ã1

,
γth2θ2 (1+ 1/L)

a2 − γth2 ã2 −$γthla1
,

· · · ,
γthk θk (1+ 1/L)

ak − γthk ãk −$γthkak−1
} (11)

For the convenience of calculations, we assume that mk takes
arbitrary integer values, and the CDF of Xk is given by [29]

FXk (x) = 1− αk
mk−1∑
s=0

(−1)s (1− mk)s δ
s
k

s!

×

s∑
d=0

(βk − δk)
−(s+1−d)

d !
xde−(βk−δk )x (12)

Substituting (12) into (10) and combining (4), (5), (6), (8)
and (11), the outage probability of UEk can be calculated as

Pkout = 1− Pr (Xk > φk)

(ii)
=

N !
(k − 1)! (N − k)!

N−k∑
j=0

(
N − k
j

)
(−1)j αk+jk

k + j

×

1− αk
mk−1∑
s=0

(−1)s (1− mk)s δ
s
k

s!

×

s∑
d=0

(βk − δk)
−(s+1−d)

d !
φdk e
−(βk−δk )φk

)k+j
(13)

where step (ii) is derived from (10).

B. ASYMPTOTIC OUTAGE PROBABILITY
To get further insights and evaluate the achievable diversity
order, we focus on the analysis of asymptotic outage proba-
bility for UEk in the high SNR region. γ (i+ 1, βkφk) can
be expressed as γ (i+ 1, βkφk) =

∑
∞

n=0
(−1)n(βkφk )n+i+1

n!(n+i+1) ,
which is derived from [27, eq.(8.354.1)]. When γ → ∞,
γ (i+ 1, βkφk) can be rewritten as

γ∞ (i+ 1, βkφk) = lim
φk→∞

∞∑
n=0

(−1)n (βkφk)n+i+1

n! (n+ i+ 1)

≈
(βkφk)

i+1

i+ 1
(14)

By plugging (14) into (3) and combining (10), the approx-
imate expression of Pkout can be given by

Pk,asyout =
N !

(k − 1)!(N − k)!

N−k∑
j=0

(
N − k
j

)
(−1)j

k + j

×

(
αk

∞∑
i=0

(mk)i δ
i
k

(i!)2 β i+1k

(βkφk)
i+1

i+ 1

)k+j
(15)

As a further development, according to [21, eq.(26)] and
taking the first term (i = 0 and j = 0) of (15), the asymptotic
outage probability of UEk can be formulated as

Pk,asyout =
N !

k! (N − k)!
(αkφk)

k+j (16)

IV. ERGODIC SUM RATE
In this section, taking into account the effect of users’ chan-
nel condition on the target rate, the ergodic rate of NOMA
based satellite-terrestrial system is studied. It is obvious that
0k→k = 0k and Rk→k = Rk from (4) and (5). Therefore,
the achievable rate of UEk is expressed as Rk = log (1+ 0k)
under the conditions of 0k→l > γthl and l < k . The ergodic
sum rate can be written as (17), shown at the bottom of the
next page.
In (17), we note that $ak−1ρkγXk = 0 when k = 1, and

ãkρkγXk = 0 when k = N . Next, we start analyzing Rergk ,
which represents the achievable rate of UEk . Through some
mathematical computation, Rergk can be expressed as (18),
shown at the bottom of the next page.
To evaluate (18),81 can be calculated in terms of the PDF

as

81 =
1
ln2

∫
∞

0
ln
(
1+

1+$ak−1
θk (1+ 1/L)

Xk

)
fXork (x) dx (19)

With the help of [30, eq.(11)] and [27, eq.(9.34.8)],
we express ln (1+ x) in the form of Meijer-G function and
1F1 (mk ; 1; δkx) in (2) as

ln (1+ x) = G1,2
2,2

[
x

1, 1
1, 0

]
(20)
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and

1F1 (mk ; 1; δkx)=
1

0 (mk)
G1,1
1,2

[
−δkx

1− mk
0, 0

]
(21)

respectively, where G1,2
2,2 and G

1,1
1,2 denote the Meijer-G func-

tion of one variable [27, eq.(9.301)]. Due to the complex-
ity of integration, it is difficult to obtain the expression of
the rate under the ordered channel gain condition. Hence,
we approximate (9) with high SNR. With the aid of [19,
eq.(16)], the approximate expression of PDF for the channel
gain Xk can be rewritten as

fX∗k (x) =
N !

(k − 1)! (N − k)!

N−k∑
r=0

(
N − k
r

)
(−1)r αk+rk

× e−βkxxk+r−11F1 (mk ; 1; δkx) (22)

To proceed forward, by combining (20), (21) and (22), 81
can be expressed as

81 =
4k

0 (mk) ln2

N−k∑
r=0

(
N − k
r

)
(−1)r αk+rk β−k−rk

×G1,1,2,1,1
1,[1:2],0,[2:2]


−δk

βk

3k

βk

(k + r, 1)
(1− mk) ; (1, 1)

−

(0, 0) ; (1, 0)

 (23)

where 3k =
1+$ak−1
θk (1+1/L)

, 4k =
N !

(k−1)!(N−k)! and G
1,1,2,1,1
1,[1:2],0,[2:2]

represents the Meijer-G function of two variables [31].
Proof: See Appendix.

Next, we concentrate on analysing 82. According to the
calculation procedure similar to 81, 82 can be derived as

82 =
4k

0 (mk) ln2

N−k∑
s=0

(
N − k
s

)
(−1)s αk+sk β−k−sk

×G1,1,2,1,1
1,[1:2],0,[2:2]


−δk

βk

2k

βk

(k + s, 1)
(1− mk) ; (1, 1)

−

(0, 0) ; (1, 0)

 (24)

where 2k =
ãk+$ak−1
θk (1+1/L)

.
By plugging (23) and (24) into (18), the ergodic rate ofUEk

can be expressed as (see (25), as shown at the bottom of the
page). Finally, by substituting (25) into (17), the ergodic sum
rate can be obtained.

V. THROUGHPUT AND ENERGY EFFICIENCY ANALYSIS
A. THROUGHPUT ANALYSIS
System throughput is one of the important metrics to
evaluate system performance. In this subsection, we con-
sider the delay-limited transmission mode for NOMA based
satellite-terrestrial networks, in which the base station trans-
mits information to the users at a fixed rate and the throughput
is affected by the wireless fading channels [32]. The sum
throughput of the NOMA based satellite-terrestrial system is
expressed as

Rlsum =
N∑
k=1

(
1− Pkout

)
× Rk (26)

where Pkout can be obtained from (13).

Rtsum =
N∑
k=1

E

[
log

(
1+

ρkakγXk
ãkρkγXk +$ak−1ρkγXk + ρkγ σ 2

ek + 1

)]
=

N∑
k=1

Rergk (17)

Rergk = E
[
log

(
1+

1+$ak−1
θk (1+ 1/L)

Xk

)]
︸ ︷︷ ︸

81

−E
[
log

(
1+

ãk +$ak−1
θk (1+ 1/L)

Xk

)]
︸ ︷︷ ︸

82

= 81 −82 (18)

Rergk =
4k

0 (mk) ln2

N−k∑
r=0

(
N − k
r

)
(−1)r αk+rk β−k−sk G1,1,2,1,1

1,[1:2],0,[2:2]


−δk

βk
3k

βk

(k + r, 1)
(1− mk) ; (1, 1)

−

(0, 0) ; (1, 0)



−
4k

0 (mk) ln2

N−k∑
s=0

(
N − k
s

)
(−1)s αk+sk β−k−sk G1,1,2,1,1

1,[1:2],0,[2:2]


−δk

βk

2k

βk

(k + s, 1)
(1− mk) ; (1, 1)

−

(0, 0) ; (1, 0)

 (25)
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B. ENERGY EFFICIENCY
In satellite network, energy efficiency is another important
metric to measure the performance of satellite communica-
tion system due to the characteristics of satellite-terrestrial
link and the limitation of satellite load. In addition, the satel-
lites are generally powered by solar cells to provide commu-
nication services for terrestrial users. By analyzing energy
efficiency, power resources can be fully utilized and the
battery life can be effectively improved so as to reduce the
operating cost of the satellite system. Hence, the energy
efficiency of the NOMA based satellite system is investigated
in this subsection. Based on the preceding ergodic rate and
sum throughput, the energy efficiency of the proposed system
can be expressed as [10]

ηE =
R1

εPS + PL
(27)

where R1 = {Rtsum,R
l
sum} represent the sum rates in

delay-tolerant transmissionmode and delay-limited transmis-
sion mode respectively, and they can be obtained by (17)
and (26) respectively. PL represents the fixed power loss
of the satellite communication system and ε is the power
amplification factor.

VI. NUMERICAL RESULTS
In this section, we investigate the performance of the pro-
posed NOMA based satellite-terrestrial system under the
impact of imperfect CSI and SIC. We assume that the chan-
nel links from satellite to the terrestrial users are subject
to Shadowed-Rician fading. The channel parameters are
referred to [14], [26], and the relevant channel parameters
are given in Table 1. In our simulations, we set that the orbit
type of satellite is low earth orbit and the number of terrestrial
users N = 3. Moreover, the carrier frequency is set to 1 GHz,
GS = 24.3 dBi, G1 = G2 = G3 = 3.5 dBi, ψk3dB = 0.4◦,
and the distance between the satellite and terrestrial user is
1000 km. The initial angles between the satellite beam center
and the users are set asψ1 = 0.5◦,ψ2 = 0.3◦ andψ3 = 0.1◦.
Moreover, the power allocation coefficients for multiple users
are a1 = 0.6, a2 = 0.3 and a3 = 0.1, and the corresponding
target rates are R1 = 0.1 bits/s/Hz, R2 = 0.5 bits/s/Hz and
R3 = 1.0 bits/s/Hz, respectively.

TABLE 1. The table of Shadowed-Rician fading channel parameters.

Fig. 1 shows the impacts of the transmit SNR and different
levels of residual interference signal on the outage probability
of the proposed system, where the satellite links undergo
AS. It can be seen that exact analytical results agree well
with the numerical simulations and the outage probabilities
of terrestrial users decrease with the increase of transmit
SNR. In addition, the curves of asymptotic outage proba-
bility are extremely close to the curves of exact analytical

FIGURE 1. Outage probability versus the transmit SNR, with perfect
SIC/imperfect SIC and $ = {0,0.1,0.2}.

FIGURE 2. Outage probability versus the transmit SNR for various length
of training symbols: (a) UE1, (b) UE2 and (c) UE3.

results in the high SNR region. In order to analyze the effect
of imperfect SIC on the outage probability, three different
levels of residual interference signal $ = {0, 0.1, 0.2} are
focused. Apparently, the outage performance for UE2 and
UE3 decrease significantly as the level of residual interfer-
ence increases from 0 to 0.2. Another important observation
is that the outage performance of UE3 is worse than that
of UE1 and UE1, and even worse than that of conventional
orthogonal user in the low SNR region. In this region, UE3
can easily eliminate x1 and x2 due to the high power allocation
coefficients ofUE1 andUE2. However,UE3 faces difficulties
in decoding its own signal because the x3 has a very low
SNR and power allocation coefficient. Finally, it can be seen
that NOMA users are capable of exceeding the orthogonal
user in terms of outage behaviors with imperfect SIC in
medium-high SNR region. This verifies that NOMA can
serve multiple users simultaneously, offering better spectrum
efficiency and user fairness.

Fig. 2 illustrates the outage probability versus the transmit
SNR with different estimation error terms of CSI, where the
lengths of training symbols L = {1, 2, 5, 10,∞}. For com-
parison purposes, we adopt the curves of outage probability
under perfect channel estimation (L = ∞) as counterparts.
Apparently, as the length of pilot symbol increases, the out-
age performance gets better and approaches the perfect CSI
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FIGURE 3. Outage probability versus the transmit SNR for various
satellite shadowing conditions.

FIGURE 4. Outage probability versus the transmit SNR, with
ψ = ψ1 = ψ2 = ψ3 = {0.1◦,0.6◦,0.9◦}.

condition gradually. In addition, we have observed that the
outage performance increments for terrestrial users become
smaller and smaller once L is larger than 5. This means that
we can increase the length of training symbols to reduce the
impact of channel estimation error on system performance in
practical applications.

In Fig. 3, the outage probabilities of terrestrial users versus
the transmit SNR are presented in different satellite fading
conditions. Obviously, the outage performance is closely
related to the shadowing type of satellite channels, and the
values of channel shadowing parameters bk , mk and �k are
increased successively in HS and AS scenarios. Moreover,
by comparing the outage probability for the HS and AS
scenarios, we can observe that the AS case yields better
outage performance than the HS case. The reason for this
phenomenon is that the line-of-sight signal component in the
received signal is not obscured and the multipath component
has high average power in average shadowing condition,
so the outage event does not occur [33].

Fig. 4 illustrates the impact of different angles between
the terrestrial users and the antenna beam center on the
outage performance, where ψ = ψ1 = ψ2 = ψ3 =

{0.1◦, 0.6◦, 0.9◦} and the satellite channels undergo AS.With
ψ increases, the outage probabilities for the users increase,

FIGURE 5. System throughput in delay-limited transmission mode versus
the transmit SNR, with (a) perfect/imperfect SIC and (b) perfect/imperfect
CSI.

FIGURE 6. Ergodic rates versus the transmit SNR, with
(a) perfect/imperfect SIC and (b) perfect/imperfect CSI.

which is intuitional. This indicates that with the increase ofψ ,
the terrestrial users approach the edge of satellite coverage
areas.

Fig. 5(a) illustrates the system throughput versus the trans-
mit SNRwith different levels of residual interference signal in
delay-limited transmission mode. In this case, we set the level
of residual interference $ = {0, 0.1, 0.2}, and the system
throughput of orthogonal user is chosen to be the benchmark
denoted by black solid curves. As can be seen from Fig. 5(a),
the sum throughput of NOMA users with imperfect/perfect
SIC is lower than that of conventional orthogonal user in low
SNR region. This is due to the fact that the NOMA based
satellite-terrestrial system has high outage probability when
the transmit SNR is below 15 dB. In addition, we can find that
the sum throughput of NOMA users decreases as the level of
residual interference increases in low SNR region, and the
sum throughput of perfect SIC and imperfect SIC are almost
equal if the transmit SNR is greater than 25 dB. Fig. 5(b)
shows the influences of the transmit SNR and various length
of training symbols on the sum throughput of proposed sys-
tem. Apparently, system throughput increases as the transmit
SNR increases. Further, throughput performance declines
significantly when the value of training symbol decreases
from 5 to 1 in middle and low SNR region. Therefore, it is
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FIGURE 7. Energy efficiency versus the transmit SNR in delay-limited
transmission mode.

important to consider the impact of L when designing practi-
cal NOMA based satellite-terrestrial system.

Fig. 6(a) shows the ergodic rates versus the transmit SNR
with different levels of residual interference, where $ =

{0, 0.01, 0.02, 0.03}. We can observe that the sum rate of the
proposed system decreases as the level of residual interfer-
ence$ increases, and is even lower than that of conventional
OMA once $ goes beyond a specific value. This indicates
that in the presence of residual interference, the ergodic rate
is sensitive to$ . In addition, it is shown in Fig. 6(a) that the
NOMA users with perfect SIC are capable of outperforming
the orthogonal user on the sum rate. The reason for this
phenomenon is that NOMA provides services for multiple
users in the same physical resource, which improves user
fairness and again validates the conclusions consistent with
Fig. 1. In addition, it can also be seen that the sum rate in
AS mode is superior to that in HS mode under the same
conditions. In Fig. 6(b), the ergodic rates of the considered
system are plotted for imperfect CSI, L = 1, 2, 5, and perfect
CSI (L = ∞). In this example, we fix the level of residual
interference as $ = 0. Apparently, as the value of the
training symbol decreases, the sum rate gradually decreases.
Therefore, it is important to consider the effect of imperfect
CSI when designing practical systems, and the performance
of ergodic rates can be improved by increasing the length of
training symbols. Moreover, as shown in figure, the sum rate
of the proposed NOMA based satellite-terrestrial network
always outperforms the orthogonal multiple access network,
which indicates the superiority of the NOMA strategy.

Fig. 7 illustrates the effects of the transmit SNR, the level
of residual interference $ and channel estimation error on
the energy efficiency of the proposed system in delay-limited
transmission mode, which can be obtained from (27). In this
example, we set the power amplification factor ε = 2, and
PL = 50 W [10]. As we can see from Fig. 7, the energy
efficiency for NOMA system and OMA system decrease with
the increase of channel estimation error (the decrease of the
length of training symbol). Further, the energy efficiency of
NOMA schemes increases gradually with the increase of
SNR, and reaches the maximum at a certain point. When
$ increases from 0 to 0.1, the energy efficiency of NOMA

FIGURE 8. Energy efficiency versus the transmit SNR in delay-tolerant
transmission mode.

schemes significantly decreases, and the point corresponding
to the maximum energy efficiency in the figure moves to
the right. Meanwhile, it can be observed that the energy
efficiency of the proposed system is inferior to the conven-
tional OMA schemes in the low SNR region. This is because
NOMA schemes can not achieve larger throughput than that
of OMA schemes in this SNR region, which has been con-
firmed in Fig. 5.

Fig. 8 shows the energy efficiency versus the transmit
SNR with different levels of residual interference and dif-
ferent training symbol lengths in delay-tolerant transmission
mode, where $ = {0, 0.05, 0.1} and L = {0,∞}. Here,
as in Fig. 7, we assume ε = 2, and PL = 50W. As illustrated,
NOMA schemes with imperfect CSI and SIC can acquire bet-
ter energy efficiency performance than that of conventional
OMA schemes in this transmission mode. Another obser-
vation is that the energy efficiency performance is closely
related to the level of residual interference, and decreaseswith
the increase of$ . This is due to the fact that the ergodic rate
achieved by the NOMA users decreases when $ increases,
as analyzed in Fig. 6(a). This observation indicates that the
introduction of NOMA technology into satellite communi-
cations can effectively improve the system energy efficiency
and reduce the loss of satellite power modules. In addition,
it is of great significance to design a reasonable SIC strategy
for the proposed NOMA based satellite-terrestrial system in
the application scenario.

VII. CONCLUSION
In this paper, we have investigated the NOMA based
satellite-terrestrial system with imperfect CSI and imper-
fect SIC under Shadowed-Rician fading channel. The per-
formance of the NOMA based satellite-terrestrial system is
characterized. The closed-form expressions for the exact and
asymptotic outage probabilities are derived, and the effect
of channel parameters on the performance of the proposed
system is also considered. Our analysis showcased that the
outage performance decreases to different degrees due to
the influence of imperfect CSI and the residual interference
signals. The performance NOMA scheme is capable of out-
performing conventional orthogonal scheme on the outage
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probability. Furthermore, the ergodic sum rate and system
throughput expressions are obtained. The simulation results
verify the accuracy of the analysis results and the advantages
of NOMA scheme. Finally, we discuss the system energy
efficiency in delay-limited and delay-tolerant transmission
modes. It can be found that the energy efficiency is very
sensitive to the level of residual interference, and the study
on residual interference can provide guidance for SIC design
in practical application scenarios.

APPENDIX
PROOF OF EQUATION (23)
First, by combining (20), (21) and (22),81 can be calculated
as

81 =
1
ln2

∫
∞

0
ln (1+3kXk) fX∗k (x) dx

=
4k

0 (mk) ln2

N−k∑
r=0

(
N − k
r

)
(−1)r αk+rk

×

∫
∞

0
xk+r−1e−βkxG1,2

2,2

[
3kx

1, 1
1, 0

]
×G1,1

1,2

[
−δkx

1− mk
0, 0

]
dx

(iii)
=

4k

0 (mk) ln2

N−k∑
r=0

(
N − k
r

)
(−1)r αk+rk β−k−sk

×G1,1,2,1,1
1,[1:2],0,[2:2]


−δk

βk

3k

βk

(k + r, 1)
(1− mk) ; (1, 1)

−

(0, 0) ; (1, 0)


(A.1)

where the step (iii) follows [34, eq.(2.6.2)].
The proof is completed.
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