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Hybrid Satellite–Terrestrial Relay Networks
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Abstract—In this article, we investigate the performance
of hybrid satellite–terrestrial relay networks with multiuser
downlink nonorthogonal multiple access. The satellite applies
Alamouti space–time block coding, and users exploit a receive
antenna selection technique. Communication between the satel-
lite and users is assumed to be established with the aid of
a half-duplex terrestrial relay equipped with multiple receive
antennas and operating in amplify-and-forward mode, because
of the heavy masking effects attributed to environmental
obstacles. Subsequently, the satellite–relay link is exposed to
shadowed-Rician fading, whereas the relay–users links undergo
Nakagami-m fading, which is a generic statistical channel model
for nonterrestrial networks. To be more practical, we consider
imperfect successive interference cancellation. The exact out-
age probability of each user and the corresponding asymptotic
expression at the high signal-to-noise ratio are derived to demon-
strate the system performance. The analysis indicates that the
shadowing conditions do not affect the array gain when the diver-
sity order is dominated by the multiantenna configuration of the
second hop. The theoretical derivations are validated by using
Monte Carlo simulations. The numerical results indicate that
the proposed scheme significantly improves the performance of
each user under various shadowing conditions. It also outper-
forms orthogonal multiple access when proper power levels are
allocated to users.

Index Terms—Alamouti code, antenna selection, hybrid
satellite–terrestrial relay network (HSTRN), nonorthogonal
multiple access (NOMA), relay, satellite communication.

I. INTRODUCTION

THE EXPLOITATION of satellites in wireless communi-
cations, such as fifth-generation (5G) and beyond cellular

networks, has attracted considerable interest over the last
decade for overcoming the limitations of the existing ground
base stations (BSs) in terms of coverage area, data rates, and
service continuity. Satellites are considered a promising solu-
tion to satisfy the requirements of the rapidly increasing smart
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devices such as Internet of Things (IoT) networks [1]; this is
because such devices are deployed at places where proper ser-
vice may not be possible via terrestrial networks, e.g., in rural
areas and aerial vehicles [1], [2], [3]. However, channel qual-
ity in a satellite–terrestrial environment can be poor because
of masking effects due to the atmosphere, obstacles, and heavy
path loss, to the extent that even establishing a proper End-to-
End (E2E) communication may be impossible. These masking
effects become severer for indoor/outdoor users in an urban
area.

To overcome the aforementioned issue, the use of terrestrial
nodes as relay assistance in satellite systems, called hybrid
satellite–terrestrial relay network (HSTRN), has arisen and
attracted considerable research interest [4], [5]. Within this
context, many studies have focused on demonstrating the supe-
riority of HSTRN by considering single-antenna [6], [7] and
multiple-antenna techniques [8], [9], [10], [11]. In the scope
of satellite–terrestrial networks, traditional orthogonal multiple
access (OMA) schemes, such as time division, frequency divi-
sion, and code division, have been extensively investigated.
However, when serving massive IoT devices within a vast ter-
ritory based on multiple beams, OMA techniques can suffer
from significant scheduling delays, large spectrum require-
ments, and severe multiple-access interference [12], [13]. The
nonorthogonal multiple access (NOMA) scheme has recently
gained interest in the context of satellite–terrestrial networks to
overcome the above-mentioned limitations of OMA. NOMA
enables multiple users to share the same resource in a
nonorthogonal manner, and this ensures high spectral effi-
ciency and low latency while providing a good balance
between throughput and user fairness [14], [15], [16].

The performance of NOMA without relaying/cooperation
was investigated for satellite networks in [17], [18], and [19].
In addition, NOMA-based HSTRNs were studied in [20], [21],
[22], [23], [24], and [25]. Yan et al. [20] analyzed the outage
probability (OP) and ergodic capacity (EC) of an HSTRN for
a two-user NOMA scheme, wherein a strong user behaves
as a decode-and-forward (DF) relay and assists a weak user.
The authors derived exact OP and EC expressions by con-
sidering the maximal-ratio combining (MRC) at the weak
user to combine direct and relayed signals. Xie et al. [21]
addressed power allocation optimization based on the derived
OP expression for HSTRNs with multiuser NOMA by consid-
ering DF/amplify-and-forward (AF) relaying to ensure fairness
among users, and they developed a low-complexity algo-
rithm. Singh and Upadhyay [22] investigated cooperative
NOMA-based cognitive satellite networks, wherein secondary
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and primary communications comprise terrestrial and satel-
lite concepts, respectively. In the secondary transmission, a
stronger NOMA user acts as a full-duplex DF relay, and all
secondary users suffer from interference caused by satellite
transmission. In [23], a regenerative satellite-assisted cooper-
ative two-user NOMA system was considered. The authors
applied a coordinated direct and relayed transmission scheme,
wherein the weak user requires assistance from the satel-
lite while the strong user enjoys the service of both the
BS and satellite. The exact OP expressions were derived as
performance measures.

However, the above-mentioned studies focused only on
single-antenna cases. To exploit the benefits of multiple-
antenna schemes, Yan et al. [24] considered MRC for users in
a multiuser NOMA-based HSTRN, and they derived the exact
OP expressions. It has been shown that the performance can
be improved in terms of coding gain; however, it is limited
to the diversity order by increasing the number of anten-
nas. Considering the same system used in [24], the MRC
and maximal-ratio transmission were applied at the terrestrial
relay node to jointly exploit the benefits of receive and trans-
mit diversities in [25]. Furthermore, the exact OP expressions
were derived by considering the effects of rain attenuation.
However, the authors considered that the satellite and users
are equipped with a single antenna.

A. Motivations and Contributions

Multiple-antenna techniques improve the throughput and
diversity gain of terrestrial systems. However, considering
multiple-antenna techniques in satellite networks is challeng-
ing because the absence of scattering around the satellite
prevents the benefits of multipath fading, as explained in [26].
On the other hand, because of the fast-varying nature and sig-
nificant propagation delay caused by long distances in the
satellite–terrestrial environment, it is well known in the lit-
erature that obtaining perfect channel state information (CSI)
is difficult. Thus, Arti and Jindal [26], Ruan et al. [27], and
Zhao et al. [28] considered using a space–time block coding
(STBC) scheme, i.e., the Alamouti code [29], in OMA-based
satellite–terrestrial networks; this is because it does not require
CSI to achieve transmit diversity. In this article, we focus on
investigating the Alamouti code and receive antenna selection
(RAS) at the satellite and users, respectively, in a multiuser
NOMA-based HSTRN.1 The main contributions of this article
are summarized as follows.

1) We exploit the Alamouti code at the satellite node in
a multiuser NOMA-based HSTRN to overcome the CSI
burden in the satellite link while retaining the benefits of
spatial diversity. In addition, the terrestrial relay is con-
sidered to employ multiple receive antennas to increase
the received signal strength.

2) Furthermore, the RAS scheme is applied at the user
nodes since it requires only partial CSI and reduces
hardware complexity owing to deployment of a single

1The conference version of this article [30] addresses the two-user scenario
and presents only simulations without considering satellite parameters and
practical imperfections.

radio-frequency (RF) chain together with increased
receiver diversity, which is well suited for IoT devices.
Moreover, imperfect successive interference cancella-
tion (SIC) is considered in the analysis to improve the
practicality of the considered system.

3) We derive exact closed-form OP expressions for all users
to demonstrate the performance behavior. In addition,
we obtain the asymptotic OP expressions, i.e., the OP
behavior at the high signal-to-noise ratio (SNR) region
to provide better insights in terms of diversity order and
array gain. Analyses are conducted for shadowed-Rician
and Nakagami-m fading for satellite–relay and relay–
users links, respectively. Thus, the network considered
in this article involves a generic scenario for HSTRN.

4) The accuracy of the theoretical derivations was
confirmed using extensive Monte Carlo simulations.
Furthermore, comparisons are drawn with the bench-
mark OMA scheme and the results are presented.

B. Organization and Notations

The remainder of this article is organized as follows.
Section II provides a detailed introduction to the system
model and channel statistics. In Section III, we derive the
exact OP expression for users, with its asymptotic expres-
sion. The numerical results are presented in Section IV to
validate the theoretical analyses. Finally, Section V presents
the conclusions.

Notations: Bold lowercase and uppercase letters represent
vectors and matrices, respectively. ‖·‖F denotes the Frobenius
norm. [ · ]T and [ · ]H represent the transpose and conju-
gate transpose of a vector (matrix), respectively, and (·)∗
is the conjugate of a complex variable. CN (0, σ 2) repre-
sents the complex Gaussian distribution with a zero mean
and variance of σ 2. P(·) denotes the probability of an event,
and fX(·) and FX(·) indicate the probability density function
(PDF) and cumulative distribution function (CDF) of ran-
dom variable X, respectively. E[ · ] denotes the expectation
operator.

II. SYSTEM MODEL

Consider a downlink HSTRN based on power-domain
NOMA in which the geostationary (GEO) satellite (S) applies
the Alamouti STBC scheme to communicate with K ter-
restrial IoT users (Uk, 1 ≤ k ≤ K), each equipped with
N antennas, as shown in Fig. 1. The dedicated terrestrial
half-duplex relay (R) is equipped with one transmit antenna
and NR receive antennas, and it adopts the AF protocol.
At the receiver side, each user exploits the RAS tech-
nique for signal reception. Note that the RAS technique
reduces hardware complexity by deploying only a single RF
chain. We assume that the direct link cannot be established
between the satellite and users because of the heavy shadow-
ing or atmospheric fading caused by environmental masking
effects.

The satellite generates an Alamouti code matrix as [29]

X =
[

x1 x2
−x∗

2 x∗
1

]
(1)
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Fig. 1. System model of Alamouti-NOMA-based HSTRN.

whose elements include superimposed symbols related to the
users such that

x1 =
K∑

k=1

√
akPS/2sk1 and x2 =

K∑
k=1

√
akPS/2sk2

because we are considering nonorthogonal transmission. Here,
sk1 and sk2 represent the first and second unit energy symbols
of the kth NOMA user, respectively, ak is the power allocation
coefficient for the kth user, and PS represents the transmit
power at the satellite.

Consider the first hop of the transmission (satellite to
relay). Let yR,1 (NR × 1) and yR,2 (NR × 1) represent sig-
nal vectors received by all antennas of the relay in the
first and second time intervals according to the Alamouti
transmission, respectively, and define H = [h(1) h(2)]T as
the channel coefficient matrix of the satellite–relay link,
where h(1) = [h(1,1) h(1,2) · · · h(1,NR)]T and h(2) =
[h(2,1) h(2,2) · · · h(2,NR)]T. Here, h(i,j) represents the channel
coefficient between the ith antenna of the satellite and the
jth antenna of the relay. Thus, the equivalent received signal
matrix at the relay, i.e., YR = [yT

R,1 yH
R,2]T, is expressed as

YR = √
HHeqx + ZR (2)

where ZR = [zT
R,1 zH

R,2]T represents the noise matrix at the
relay. zR,1 (NR × 1) and zR,2 (NR × 1) are noise vectors
corresponding to the first and second time intervals at the
relay, respectively; each element of the vectors is distributed as
CN (0, σ 2

R). x = [x1 x2]T denotes the superimposed symbols
transmitted within the Alamouti code matrix; the equivalent
channel matrix Heq can be expressed as

Heq =
[

h(1) h(2)(
h(2)
)∗ − (h(1)

)∗
]
.

Furthermore, H denotes the unified parameter of RF propa-
gation losses and noise power between the satellite and relay,
which can be expressed as [31]

H(dB) = GS + GR(θ) − LFSL − T − κB

− W − LSL − LAL (3)

where GS and GR(θ) represent the antenna gain of the satellite
and beam gain of the satellite–relay link, respectively. In addi-
tion, LFSL indicates the free-space path loss calculated using

LFSL = 92.44 + 20 log10(fc) + 20 log10(d), where fc and d
denote the carrier frequency (in GHz) and distance (in km)
between the satellite and relay, respectively. The remaining
loss parameters can be described as follows: κB, T , and W
denote the Boltzmann constant, noise temperature at relay, and
bandwidth, respectively; and LSL and LAL represent the scin-
tillation and atmospheric losses [31], [32]. The approximated
beam gain can be obtained as [13]

GR(θ) = Gmax

(
J1(u)

2u
+ 36

J3(u)

u3

)2

where Gmax represents the maximum beam gain at the relay,
and Jn(·) denotes the nth-order first-kind Bessel function
[33, eq. (8.402)]. u = 2.07123 sin(θ)/ sin(θ3dB), where θ

represents the angle between the beam center and relay
as observed from the satellite, and θ3dB is the one-sided
half-power beamwidth.

The signals received by all antennas at the relay are
combined, and, therefore, the combination process can be
expressed as ỸR = HH

eqYR. Subsequently, in the second hop,
the relay amplifies the received signal by multiplying it by the
amplifying factor � . If we limit the power of the signal trans-
mitted by the relay to PR, we can determine the amplifying
factor using (2) as

� =
√

PR/
(HPS‖H‖2

F + σ 2
R

)
. (4)

The relay broadcasts the amplified signal to all users, and thus,
the received signal vector at the kth user is expressed as

yk = � h̃kỸR + nk

= � h̃k

√
HHH

eqHeqx + � h̃kHH
eqZR + nk (5)

where h̃k denotes the channel coefficient between the relay and
the selected antenna for the kth user, and nk = [nk,1 nk,2]T

represents the noise vector with nk,1, nk,2 ∼ CN (0, σ 2
k ).

Here, because we apply the RAS scheme to the users, dur-
ing the training period, the relay sends pilot symbols to all
users in turns. Each user then determines the receive antenna
providing the highest instantaneous SNR. Consequently, the
magnitude-squared function of the channel gain between
the relay and the selected antenna is denoted by |h̃k|2 =
max

1≤r≤N
{|hk,r|2} [34].
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A. Channel Statistics

1) Satellite Channel Statistics: In the first hop, the PDF
of the squared channel gain between the ith antenna of the
satellite and the jth antenna of the relay, assuming that chan-
nels between the satellite and relay undergo independent and
identically distributed (i.i.d.) shadowed-Rician fading,2 can be
expressed as [36]

f|h(i,j)|2(x) = αSRe−βSRx
1F1(mSR; 1; δSRx), (x > 0) (6)

where αSR = (2bSRmSR/(2bSRmSR+	SR))mSR/(2bSR), βSR =
0.5/bSR, and δSR = 	SR/(2bSR(2bSRmSR + 	SR)). Here,
2bSR denotes the average power of the multipath component,
and 	SR and mSR ≥ 0 represent the average powers of the
line-of-sight component and Nakagami-m fading parameters,
respectively. 1F1(·; ·; ·) denotes the confluent hypergeometric
function of the first kind [33, eq. (9.210.1)]. Note that we
consider arbitrary integer values of the fading parameter of
mSR throughout this article. Thus, with the aid of the series
expansion of 1F1(·; ·; ·), (6) can be re-expressed as [37]

f|h(i,j)|2(x) = αSR

mSR−1∑
q=0

Ψ (q)xqe−ϑSRx (7)

where Ψ (q) = ((−1)q(1 − mSR)q(δSR)q)/(q!)2, ϑSR =
βSR − δSR, and (·)q denotes the Pochhammer symbol
[33, eq. (p.xliii)]. According to the Alamouti coding with
multiple receive antennas, the effective channel gain between
satellite and relay is expressed as ‖H‖2

F; therefore, the PDF
and CDF are, respectively, obtained as [9]

f‖H‖2
F
(x) =

mSR−1∑
q1=0

, . . . ,

mSR−1∑
q2NR =0

ϕx
−1e−ϑSRx (8)

F‖H‖2
F
(x) = 1 −

mSR−1∑
q1=0

, . . . ,

mSR−1∑
q2NR =0


−1∑
t1=0

ϕ(
 − 1)!xt1 e−ϑSRx

t1!(ϑSR)
−t1

(9)

where ϕ = ∏2NR
t2=1 Ψ (qt2)α

2NR
SR

∏2NR−1
t3=1 B(

∑t3
t4=1 qt4 +

t3, qt3+1 + 1), 
 = (
∑2NR

j=1 qj) + 2NR, and B(·, ·) represents
the Beta function given by [33, eq. (8.384.1)].

2) Terrestrial Channel Statistics: Because we assume that
the second hop is exposed to Nakagami-m fading, the PDF
and CDF of any squared channel gain between the relay and
any antenna (1 ≤ r ≤ N) of the kth user can be represented,
respectively, as [34]

f|hk,r|2(x) =
(

mk

	k

)mk xmk

�(mk)
e
−x

mk
	k

F|hk,r|2(x) = 1 − e
−x

mk
	k

mk−1∑
n1=0

(xmk/	k)
n1

n1!
. (10)

2Note that the Doppler effect caused by the velocity of the satellite is
neglected in the analysis since the GEO satellite is considered. However,
the conducted theoretical analyses are also valid for the case of non-GEO
satellites, i.e., low-Earth orbit, if the Doppler effect is compensated at the
satellite and/or ground user by proper methods [35].

The average power of any link R-Uk is obtained by 	k =
E[|hk,r|2] = d−η

k , where dk, η, and mk represent the normal-
ized distance, path-loss exponent, and Nakagami-m channel
parameter of link R-Uk, respectively. In addition, because we
apply the RAS technique to users, the CDF and PDF corre-
sponding to the squared channel gain between the relay and
selected antenna of the kth user are obtained as [38]

F|h̃k|2(x) =
[
F|hk,r|2(x)

]N

f|h̃k|2(x) = Nf|hk,r|2(x)
[
F|hk,r|2(x)

]N−1
. (11)

Here, to exploit NOMA, we assume that users are ordered
according to their effective instantaneous channel gains
between the relay and users. Thus, in the training period, each
user sends the estimated channel gain obtained by the selected
receive antenna to the relay sequentially. The relay then sorts
them in an ascending order as |h̃1|2 ≤ |h̃2|2 ≤ · · · ≤ |h̃K |2.
Next, the relay sends the ordering information to the satellite
and users simultaneously. To achieve better user fairness, the
satellite is assumed to adjust the power allocation coefficients
as a1 ≥ a2 ≥ · · · ≥ aK , where

∑K
k=1 ak = 1, in the oppo-

site manner to the sorted channel gains. Note that such power
ordering is not necessary if the fairness is not a concern [39]

Subsequently, using the PDF expression given in [40]
and (11), the PDF of the ordered random variable of |h̃k|2
can be expressed as

f̃|h̃k|2(x) = Qk

K−k∑
n=0

(−1)n
(

K − k

n

)
f|h̃k|2(x)

(
F|h̃k|2(x)

)k+n−1

= Qk

K−k∑
n=0

(−1)n
(

K − k

n

)
Nf|hk,r|2(x)

(
F|hk,r|2(x)

)N(k+n)−1
(12)

where Qk = K!/((K − k)!(K − 1)!) and
(·
·
)

denotes the bino-
mial coefficient. If we substitute f|hk,r|2(x) and F|hk,r|2(x) given
by (10) into (12), we derive the PDF of the ordered random
variable |h̃k|2 as

f̃|h̃k|2(x) = Qk

K−m∑
n=0

(−1)n
(

K − m

n

)
N

(
mk

	k

)mk

xmk−1

e
−x

mk
	k

⎛
⎝1 − e

−x
mk
	k

mk−1∑
n1=0

1

n1!

(
x

mk

	k

)n1

⎞
⎠

N(k+n)−1

︸ ︷︷ ︸
ξ

. (13)

If we obtain the closed form of ξ using the power series
method [33, eq. (0.314)] in addition with binomial expan-
sion [33, eq. (1.111)], (13) can be rewritten as

f̃|h̃k|2(x) = Qk

K−k∑
n=0

N(k+n)−1∑
n2=0

n2(mk−1)∑
n1=0

(
K − k

n

)

(
N(k + n) − 1

n2

)
N(−1)n+n2

�(mk)

(
mk

	k

)mk

μn1(n2, mk)x
mk+n1−1e

−x
mk
	k

(n2+1)
(14)

where μn1(n2, mk) represents the multinomial coefficient sub-
jected to n1 ≥ 0 [41].
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III. PERFORMANCE ANALYSIS OF HSTRN WITH

ALAMOUTI-NOMA

A. E2E SINR

Since we have taken the imperfect SIC process into account,
without loss of generality, we assume that the SIC error cor-
responding to the decoding of the jth user’s signal by the lth
user (1 ≤ l ≤ j−1) is modeled as CN (0, σ 2

sic) [42], [43]. Here,
σ 2

sic = 1 and σ 2
sic = 0 represent the cases of no SIC and full

SIC error, respectively, where 0 ≤ σ 2
sic ≤ 1. Subsequently, with

the aid of the Alamouti decoding process as reported in [44],
the E2E instantaneous signal-to-interference-plus-noise ratio
(SINR) for the kth user (with higher channel gain) to detect
the signal of the jth user (with lower channel gain) (j ≤ k)
can be expressed with the aid of (4) and (5) as in (15),
shown at the bottom of the page.3 In (15), γ̄SR = PS/σ 2

R
and γ̄k = PR/σ 2

k represent the average transmit SNRs of the
S–R and R–Uk links, respectively. In addition, εj =∑K

i=j+1 ai

and ε̃j = ∑j−1
l=1 alσ

2
sic terms denote the interference and error

propagation caused by the imperfect SIC corresponding to the
stronger and weaker users.

B. Outage Probability Analysis

OP is a crucial performance metric that provides an insight
into the reliability of wireless networks exposed to heavy
fading. The OP can be defined as the probability that the
E2E instantaneous SINR falls below a certain threshold value.
Given the NOMA principle with the SIC technique, the OP of
the kth user is defined as the kth user erroneously decoding
the jth user’s (1 ≤ j ≤ k) or its own signal; it is expressed as

Pout
k = 1 − P

({
γSRU1→k ≥ γth,1

} ∩ · · · ∩ {γSRUk→k ≥ γth,k
})
(16)

where the event {γSRUj→k ≥ γth,j} indicates that the jth user’s
signal can be decoded by the kth user, where γth,j is the
threshold SINR intended for the jth user. First, we should
examine the event {γSRUj→k ≥ γth,j} which can be represented
using (15) as{

γSRUj→k ≥ γth,j
}

=
{(

|h̃k|2 − 2γth,j

γ̄k
(
aj − γth,j

(
εj + ε̃j

))
)
H‖H‖2

F

≥
2
(
γ̄k|h̃k|2 + 1

)
γth,j

γ̄SRγ̄k
(
aj − γth,j

(
εj + ε̃j

))
⎫⎬
⎭

=
⎧⎨
⎩‖H‖2

F ≥
2
(
γ̄k|h̃k|2 + 1

)
�j

Hγ̄SR

(
|h̃k|2 − 2�j

) , |h̃k|2 > 2�j

⎫⎬
⎭ (17)

3It is noted that the users are assumed to be sorted in the ascending order
of the effective channel gains.

where the definition �j � (γth,j/[γ̄k(aj − γth,j(εj + ε̃j))]) is
made for simplicity in terms of mathematical representa-
tions. Afterward, we can represent the OP of the kth user
by substituting (17) into the OP definition of Pout

k given
in (16) as

Pout
k = 1 − P

⎛
⎝‖H‖2

F ≥
2
(
γ̄k|h̃k|2 + 1

)
�∗

k

Hγ̄SR

(
|h̃k|2 − 2�∗

k

) , |h̃k|2 > 2�∗
k

⎞
⎠
(18)

where �∗
k = max1≤j≤k{�1,�2, . . . ,�j}. Note that (18) is

valid under the condition that aj − γth,j(εj + ε̃j) > 0; oth-
erwise, the OP yields 1. Subsequently, we derive the exact OP
of the kth user in the closed form in Theorem 1.

Theorem 1: The exact OP of the kth NOMA user is
derived as

Pout
k = 1 − Qk

∑
q

t1∑
n3=0

mk+n3+n1−1∑
n4=0

ϕ

(
K − k

n

)(
N(k + n) − 1

n2

)

(
t1
n3

)(
mk + n3 + n1 − 1

n4

)
(
 − 1)!N(−1)n+n2

t1!(ϑSR)
−t1�(mk)(
2�∗

k

Hγ̄SR

)t1(mk

	k

)mk

μn1(n2, mk)(γ̄k)
n3

(
2�∗

k

)mk+n3+n1−n4−1
e
−ϑSR

2�∗
k γ̄k

Hγ̄SR
−2�∗

k

(
mk
	k

)
(n2+1)

2

(
2�∗

k

(
2�∗

k γ̄k + 1
)
ϑSR	k

Hγ̄SRmk(n2 + 1)

) n4−t1+1
2

Kn4−t1+1

⎛
⎝2

√
2�∗

k

(
2�∗

k γ̄k + 1
)
ϑSRmk(n2 + 1)

Hγ̄SR	k

⎞
⎠ (19)

where Kv(·) denotes the vth-order modified Bessel function
of the second kind [33, eq. (8.407.1)], and

∑
q represents the

summation of multiple variables, defined as

∑
q

�
mSR−1∑
q1=0

, . . .

mSR−1∑
q2NR=0


−1∑
t1=0

K−k∑
n=0

N(k+n)−1∑
n2=0

n2(mk−1)∑
n1=0

. (20)

Proof: See Appendix A.
Although the OP expression given by (19) is the exact

closed form, it does not provide considerable insight into
performance behavior due to its complicated form. Therefore,
we investigate the obtained OP asymptotically to gain a better
understanding of benefits of Alamouti-NOMA-based HSRTN
in the following section.

C. Asymptotic Analysis

In this section, to obtain further insights into the diversity
order and array gain, we consider the high SNR approxima-
tion given by [45] to observe the performance behavior in the

γSRUj→k =
γ̄SR

2 γ̄kH‖H‖2
F|h̃k|2aj

γ̄SR
2 γ̄kH‖H‖2

F|h̃k|2
(
εj + ε̃j

)+ γ̄SRH‖H‖2
F + γ̄k|h̃k|2 + 1

(15)
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asymptotic regime. First, we express (18) in a simple form.
Thus, by upper bounding the SINR given by (15) with the aid
of the harmonic mean property and applying some algebraic
manipulations, we obtain the asymptotic OP of the kth user
mathematically as

Pout,∞
k ≈ 1 − P

(
min
(
Hγ̄ ‖H‖2

F, γ̄ |h̃k|2
)

≥ 2�∗
k γ̄
)

≈ F∞
‖H‖2

F

(
2ζ ∗

k

Hγ̄

)
+ F̃∞

|h̃k|2
(

2ζ ∗
k

γ̄

)
(21)

where we use the new definitions as ζ ∗
k = max

1≤j≤k
{ζ1, ζ2, . . . , ζj}

and ζj � (γth,j/[(aj − γth,j(εj + ε̃j))]). In addition, we assume
that γ̄SR = γ̄k = γ̄ for simplicity. By following the method
reported in [45], we can express (21) in the form Pout,∞

k =
(Gaγ̄ )−Gd +O(γ̄ −Gd), where Ga and Gd denote the array gain
and diversity order, respectively; O(·) represents the omitted
higher order terms. Theorem 2 provides the diversity order
and array gain of the proposed system.

Theorem 2: The diversity order and array gain that corre-
spond to the kth user are expressed as

Gd = min{2NR, mk × N × k}

Ga =

⎧⎪⎨
⎪⎩

�1, mk × N × k > 2NR
�2, mk × N × k < 2NR(
�

−Gd
1 + �

−Gd
2

)− 1
Gd , mk × N × k = 2NR

(22)

where

�1 = (2NR!)
1

2NR H
αSR2ζ ∗

k
and �2 =

(K
k

)− 1
mkNk 	k

�(mk + 1)
− 1

mk 2ζ ∗
k mk

.

Proof: See Appendix B.
Remark 1: In the above theorem, the value 2NR in (22) is

obtained from Alamouti coding and multiple receive antennas
of the relay as a diversity effect since 2NR antennas are used
for broadcasting at the satellite and receiving at the relay. Here,
it can be seen that the diversity order depends not only on the
antenna configuration in the first hop but also on the channel
fading (mk), the number of receiver antennas (N) at users,
and user order (k) in the NOMA cluster in the second hop.
Furthermore, if the diversity order is limited by the second
hop, i.e., Gd = mk × N × k < 2NR, the shadowing conditions
in the first hop do not affect the array gain and vice versa
when mk ×N × k > 2NR = Gd. However, both hops affect the
array gain if mk × N × k = 2NR.

IV. NUMERICAL RESULTS

In this section, we verify the theoretical results using Monte
Carlo simulations. The parameters for shadowed-Rician chan-
nel environments and satellite–terrestrial radio propagation
are provided in Tables I and II, respectively. We consider a
NOMA-based HSTRN network with three IoT users (K = 3)

as an example. In all figures, the markers and lines indicate
the simulation and analytical results, unless otherwise stated.
The parameters for related users are set as a1 = 0.6, a2 = 0.3,
and a3 = 0.1 for the allocated power coefficients; γth,1 = 0.4,

γth,2 = 0.8, and γth,3 = 1.2 for the threshold SINRs; and

TABLE I
SHADOWED-RICIAN CHANNEL PARAMETERS [36]

TABLE II
SATELLITE RADIO PROPAGATION PARAMETERS [31]

d1 = 1, d2 = 0.9, and d3 = 0.8 for the normalized distances
between the relay and users. In addition, the path-loss expo-
nent is set as η = 3 considering that the users are located in an
urban area, while we assume Nakagami-m channel in terres-
trial links with parameters m1 = m2 = m3 = m for simplicity.
Unless otherwise stated, NS indicates the number of antennas
at the satellite while single-antenna relay and perfect SIC are
considered in the figures.

Fig. 2 illustrates the OP performance comparisons of the
proposed scheme (Alamouti/RAS) that comprises the NS = 2;
N = 3 antenna configuration and the benchmark single-
antenna scenario (NS = 1; N = 1) for (a) heavy shadow-
ing, (b) average shadowing, and (c) light shadowing. The
Nakagami-m channel parameter is set as m = 1 to observe the
performance behavior in the worst terrestrial channel environ-
ment. As seen in the figure, numerical results match well with
the presented theoretical analysis, which are also supported
by the asymptotic (Asymp) curves. It is worth noting that the
asymptotic curves match well with the theoretical ones, espe-
cially, at high SNR values, although there are gaps at low
SNR values in some cases. This mainly comes from a high
SNR approximation in our analysis to make it more tractable.
Therefore, the occurrence of gaps between the asymptotic
curves and exact ones is reasonable at low SNR values.

It is observed that the proposed scheme significantly
improves the OP performance of each user under all the
different satellite channel environments (heavy, average, and
light shadowing) when compared with the benchmark single-
antenna scheme. To be more specific, when OP = 10−3 for
the weak user (U1), an approximately 14-dB SNR gain can
be achieved under heavy shadowing, and the gain is approx-
imately 16 and 18 dB under average and light shadowing,
respectively. However, for U2 and U3, more SNR gain can
be achieved under heavy shadowing effects than under aver-
age and light shadowing. The reason for this result is that
U2 and U3 have better channel qualities than U1 by assump-
tion. Further, in the case of only the benchmark scheme, we
observe that the OP performance of U1 approaches that of
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(a) (b) (c)

Fig. 2. Outage performance comparisons of the proposed (black curves) and benchmark (blue curves) schemes for (a) heavy shadowing, (b) average
shadowing, and (c) light shadowing cases.

(a) (b) (c)

Fig. 3. Outage performance of the proposed scheme (Alamouti/RAS) in case of different number of antennas for (a) heavy shadowing, (b) average shadowing,
and (c) light shadowing cases.

U2 and U3 under both average and light shadowing effects;
even it is the same with U2 at high SNR values under
light shadowing. Moreover, as clearly observed in the figure,
with the proposed scheme under the determined configura-
tions, all users exhibit a diversity order of 2 in the high
SNR regime, which has also been verified by asymptotic
analysis.

In Fig. 3, the OP of the proposed scheme is depicted for
(a) heavy shadowing, (b) average shadowing, and (c) light
shadowing effects for different numbers of receive antennas
and m = 1 to investigate the effect of the RAS scheme.
We observe that as the number of receive antennas increases,
the OP performance of the weakest user (U1) can be sig-
nificantly improved such that 8, 22, and 26 dB SNR gains
can be obtained for OP= 10−4 for heavy, average, and light
shadowing effects, respectively. However, for the second user
(U2), a performance improvement can be achieved only in the
case of average shadowing and light shadowing effects, i.e.,
1 and 2 dB SNR gains, respectively. On the other hand, the
strongest user (U3) cannot enjoy the benefits of the receive

diversity under all shadowing cases. This result is also proven
by asymptotic analysis such that the diversity order is Gd = 2
for U3 in both antenna configurations under the determined
parameters. Therefore, the first hop has the greatest effect on
performance with the array gain Ga = (

√
2H/αSR2ζ ∗

k ).
Fig. 4 presents the OP performance of the proposed scheme

for different number of receive antennas at relay for m = 1 and
(NS = 2; N = 2) to demonstrate the effect of using multiple
antennas at the relay. As seen in the figure, OP performances
of all users can be significantly improved by increasing num-
ber of antennas at the relay. For example, for OP= 10−4, all
users enjoy an approximately 12-dB SNR gain improvement.
When we compare the cases (NS = 2; NR = 2; N = 2) and
(NS = 2; NR = 1; N = 2), U2 and U3 take advantage of diver-
sity order owing to the multiple antennas at relay, such that
diversity order is Gd = 4. In contrast, the diversity order of
the weakest user (U1) remains Gd = 2, which is the same
as in the case of (NS = 2; NR = 1; N = 2). However, the
array gain of U1 is affected by only the channel conditions
of the second hop while both the first and second hops for
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Fig. 4. Outage performance of the proposed scheme for different number of
antennas at relay under heavy shadowing.

Fig. 5. Outage performance of the proposed scheme in the case of imperfect
SIC.

(NS = 2; NR = 1; N = 2). These observations are verified by
asymptotic curves obtained through asymptotic analysis.

Fig. 5 illustrates the OP performance of the proposed
scheme for different imperfect SIC parameters under heavy
shadowing effects. The curves are obtained for m = 1 and
NS = 2; N = 3. For the OP, the effective range of the
SIC error can be obtained as σ 2

sic < 0.0926 because of the
condition aj −γth,j(εj + ε̃j) > 0 for predefined system parame-
ters. As observed in the figure, imperfect SIC does not affect
the performance of U1 (the weakest user) because no SIC is
required. However, the performances of U2 and U3 become
worse because SIC error increases. In particular, U3 suffers
from the highest performance degradation because the error
propagation effect results in SIC errors while decoding the
signals of U1 and U2. In addition, imperfect SIC does not
affect the diversity order in terms of OP, and this is verified
by asymptotic curves obtained by theoretical analysis.

Fig. 6 depicts the OP performance of the proposed scheme
for heavy and average shadowing effects for different
Nakagami-m terrestrial channel conditions of m = 1 and
m = 2. To obtain the curves, the threshold SINRs and antenna
configurations are set as γth,1 = 0.04; γth,2 = 0.08; γth,3 =
0.12 and NS = N = 2, respectively. It is obvious from the
figure that none of the users can exhibit performance improve-
ment under the heavy shadowing effect with an improvement
in the channel condition (when m = 1 and m = 2 are

Fig. 6. Outage performance of the proposed scheme for different values of
Nakagami-m parameter m with heavy and average shadowing effects.

Fig. 7. Outage performance of the proposed scheme versus different values
of threshold SINR γth for heavy and average shadowing effects.

compared). The key intuition behind this result is that the first
hop has the most effect on the performance subjected to the
determined configurations. On the other hand, under average
shadowing effect, we observe a performance gain in terms of
the weakest user (U1) owing to the improvement in channel
conditions in the second hop. This is because when m = 1,
both hops are effective on the performance, whereas only the
first hop has the most effect when m = 2. In addition, based
on the results of the second and third users, no performance
improvement occurs because only the first hop has the most
effect for both channel conditions (indicated by m = 1 and
m = 2 parameters), which is verified by asymptotic analysis.

Fig. 7 shows the OP performance of the proposed scheme
versus the different values of threshold SINRs (γth = γth,1 =
γth,2 = γth,3) for heavy and average shadowing effects for a
fixed SNR= 20 dB and m = 1. As observed in the figure,
the performance of all users worsens as the threshold values
increase under both shadowing effects and antenna configura-
tions. From heavy shadowing results, at all values of γth, the
NS = 2; N = 3 configuration provides a better performance
than the NS = 2; N = 1 in terms of the weakest user. However,
we observe the same OP performance in terms of the sec-
ond and third users since the first hop has dominant effect
on the performance. However, from the average shadowing
results, a significant performance gain can be achieved as the
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(a) (b)

Fig. 8. Outage performance comparisons of the proposed and benchmark
schemes versus different values of a2 for (a) heavy shadowing and (b) average
shadowing effects.

threshold values decrease in terms of the weakest user when
comparing the NS = 2; N = 3 and NS = 2; N = 1 configura-
tions. Furthermore, we can also observe performance gain in
terms of the second and third users such that the gain increases
as the threshold values increase.

Fig. 8 depicts the OP performance comparisons of the
proposed scheme (NS = 2; N = 3 antenna configuration) and
benchmark scheme (NS = 1; N = 1 antenna configuration)
versus different power allocation coefficients of U2 (a2) for
(a) heavy shadowing and (b) average shadowing for a fixed
SNR= 30 dB. To obtain the results, we fixed the power level
of U1 as a1 = 0.6 based on a1 > (γth,1/γth,1 + 1) while val-
ues range of power levels for U2 and U3 are determined by
a2 > ([(1 − a1)γth,2]/[γth,2 + 1]) and a3 < (1 − a1/γth,2 + 1)

under the condition of aj−γth,j
∑3

i=j+1 ai > 0 defined for (17).
Moreover, the proposed scheme is compared with the OMA
counterpart subjected to log2(1 + γth) =∑3

k=1 log2(1 + γth,k),
where γth denotes the threshold SNR intended for a single user
in the OMA scheme. From the heavy shadowing results, we
observe that the OP of U3 decreases as the power level of U2
(i.e., a2) increases, even the OP performance of the proposed
scheme approaches that of the benchmark scheme. We can
see from this result that the power allocation coefficient for
U3 should be kept at an appropriate level to achieve more
performance gain for the proposed scheme. However, for U2,
the performance gap between the proposed and benchmark
schemes increases with an increase in the power level related
to U2. In addition, the proposed NOMA scheme outperforms
the OMA counterpart at all values of a2 in terms of the weakest
user (U1). However, in terms of U2, power allocation coeffi-
cient a2 should be kept above 0.275. Unfortunately, the OMA
scheme outperforms the proposed NOMA scheme in terms of
U3 at all values of a2 for the fixed a1.4 Furthermore, similar
results are observed for the average shadowing effects.

V. CONCLUSION

In this article, we propose the use of Alamouti coding
and RAS scheme at the satellite and IoT user terminals in

4To tackle this issue, the optimal power allocation for NOMA needs to be
taken into account; however, it is beyond the scope of this article and is a
topic of a further study.

a multiuser NOMA-based HSTRN to overcome the CSI bur-
den in the satellite link while ensuring the benefits of spatial
diversity. The exact closed-form OP expression for all users is
derived to evaluate the performance of the proposed scheme.
Furthermore, diversity order and array gain are derived via a
high SNR approximation to gain more insight into the OP.
The proposed scheme is compared with single-antenna bench-
mark schemes and the OMA. We observe that the proposed
scheme significantly improves the OP of each user under all
shadowing environments.

The highest SNR gain is achieved under light shadowing
for the weakest user (U1) and under heavy shadowing for
the stronger users (U2 and U3). With the RAS, the weakest
user enjoys diversity order and array gain under all shadowing
effects. On the other hand, the second user utilizes the benefits
of spatial diversity only under average and light shadowing,
whereas the strongest user cannot achieve any performance
improvement, which is also proved through asymptotic anal-
ysis. The imperfect SIC severely deteriorates the performance
of U3 more than U2 because U3 suffers from the error prop-
agation effect caused by the erroneously decoding the signals
of U1 and U2. Moreover, the improvement in channel con-
ditions in terrestrial links does not have an impact on the
performance of any user under heavy shadowing since the
first hop is more effective. Furthermore, the proposed NOMA
scheme outperforms OMA for the weakest user at all power
levels allocated to the second user, while power level should
be kept above a certain threshold for the second user. We
observed that channels in the satellite link have a greater effect
on the performance, and it can also change performance behav-
ior. Therefore, we consider addressing the imperfections that
occurred in satellite and terrestrial links in our future research.

APPENDIX A
PROOF OF THEOREM 1

The OP of the kth user given in (18) can be expressed
mathematically using the fundamental probability theorem as
follows:

Pout
k = 1 −

∫ ∞

y=2�∗
k

∫ ∞

x= 2(γ̄ky+1)�∗
k

Hγ̄SR(y−2�∗
k)

f‖H‖2
F
(x)f̃|h̃k|2(y)dxdy

= F̃|h̃k|2
(
2�∗

k

)

+
∫ ∞

y=2�∗
k

F‖H‖2
F

(
2(γ̄ky + 1)�∗

k

Hγ̄SR
(
y − 2�∗

k

)
)

f̃|h̃k|2(y)dy. (23)

In (23), f̃X(x) and F̃X(x) represent the PDF and CDF of
the ordered random variable X, respectively. Thus, if we
substitute (9) and (14) into (23), we obtain

Pout
k = 1 − Qk

∑
q

ϕ

(
K − k

n

)(
N(k + n) − 1

n2

)

(
 − 1)!
(
2�∗

k/(Hγ̄SR)
)t1
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−t1

N(−1)n+n2
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	k
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dy. (24)
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Subsequently, using the binomial expansion [33, eq.
(1.111)] and closed-form integral solution provided in
[33, eq. (3.471.9)], we obtain the OP of the kth user in the
closed form as in (19). Thus, the proof is completed.

APPENDIX B
PROOF OF THEOREM 2

By using the Maclaurin series in (8) and omitting the higher
order terms, we obtain e−ϑSR2ζ ∗

k /Hγ̄ ≈ 1 − ϑSR2ζ ∗
k /Hγ̄ .

Because γ̄ → ∞ implies −ϑSR2ζ ∗
k /Hγ̄ → 0, we can obtain

f ∞
‖H‖2

F
(2ζ ∗

k /Hγ̄ ) ≈ ϕ(2ζ ∗
k /Hγ̄ )
−1. Here, we can show that

ϕ = α
2NR
SR /(2NR − 1)! and 
 = 2NR. Thus, we obtain

f ∞
‖H‖2

F
(2ζ ∗

k /Hγ̄ ) ≈ (α
2NR
SR (2ζ ∗

k /Hγ̄ )2NR−1)/(2NR−1)!. Finally,

by taking the integral of the obtained PDF, we can express the
CDF in (9) asymptotically as

F∞
‖H‖2

F

(
2ζ ∗

k

Hγ̄

)
=
⎛
⎝ (2NR!)

1
2NR Hγ̄

αSR2ζ ∗
k

⎞
⎠

−2NR

. (25)

Next, to determine the asymptotic CDF of (14),
we need to express the CDF of the ordered ran-
dom variable related to the second hop as F̃|h̃k|2(x) =
Qk
∑K−k

n=0 [(−1)n/k + n]
(K−k

n

)
(F|h̃k|2(x))

k+n. For the high SNR
regime (γ̄ → ∞), we consider the lower order terms effec-
tive on the value of x; we can then obtain F̃∞

|h̃k|2(x) =(K
k

)
(F∞

|hk,r|2(x))
Nk. By using the asymptotic property of incom-

plete Gamma function provided by [46, eq. (45:9:1)], we
can obtain the asymptotic CDF of the random variable
between the relay and kth user’s any antenna as F∞

|hk,r|2(x) =
(xmk/	k)

mk/�(mk +1). By substituting 2ζ ∗
k /γ̄ and F∞

|hk,r|2(x)
into F̃∞

|h̃k|2(x), we can express the CDF of (14) asymptotically
as

F̃∞
|h̃k|2
(

2ζ ∗
k

γ̄

)
=
⎛
⎝

(K
k

)− 1
mkNk

�(mk + 1)
− 1

mk

	kγ̄

2ζ ∗
k mk

⎞
⎠

−mkNk

. (26)

By using (25), (26), and Pout,∞
k = (Gaγ̄ )−Gd + O(γ̄ −Gd),

we obtain the diversity order and array gain as in (22). Thus,
the proof is completed.
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