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ABSTRACT Satellite-terrestrial networks (STNs) have received significant attention from research and
industry due to their capability of providing a stable connection to rural and distant areas, where the allocation
of terrestrial infrastructures is uneconomical or difficult. Moreover, the STNs are considered as a promising
enabler of fifth-generation communication networks. However, expected massive connectivity in future
communication networks will face issues associated with spectrum scarcity. In this regard, the integration
of cognitive radio and non-orthogonal multiple access (NOMA) techniques into STNs is considered as a
promising remedy. Thereafter, in this article, we investigate NOMA-assisted cognitive STN under practical
system conditions, such as transceiver hardware impairments, channel state information mismatch, imperfect
successive interference cancellation, and interference noises. Generalized coverage probability formulas for
NOMA users in both primary and secondary networks are derived considering the impact of interference temperature constraint and its correctness is verified through Monte Carlo simulation. Furthermore, to achieve
performance fairness among the users, power allocation factors based on coverage fairness for primary and
secondary NOMA users are provided. Moreover, the numerical results demonstrate superior performance
compared to the ones obtained from an orthogonal multiple access scheme and examine the imperfection’s
impact on the system performance in terms of coverage and throughput.
INDEX TERMS Cognitive radio (CR), coverage probability, non-orthogonal multiple access (NOMA),
optimization, satellite-terrestrial network (STN).
I. INTRODUCTION

Satellite-terrestrial networks (STNs) have been gaining
enormous attention in recent years from both academia and
industry due to their capability of providing a stable data
connection over a wide coverage area, including rural and isolated areas, where the allocation of terrestrial infrastructures
are profligate or challenging. Moreover, the STNs are considered as a promising enabler of future fifth-generation (5G)
networks that expect a 1000-fold data traffic increase [1].
Apart from 5G technologies, the Internet-of-Things (IoT)
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with expected more than 40 billion devices in 2025 [2] can
also benefit from the STN communications. However, in turn,
this leads to a critical issue of spectrum scarcity [3]. The problem can be resolved by deploying a cognitive radio (CR) technique in the STNs, which enables spectrum sharing between
the satellite and terrestrial networks [4]. Thus, the cognitive
STNs (CSTNs) have been considered as a rising facilitator of
future generation wireless networks.
On the other hand, to satisfy the 5G and IoT requirements, it is predictable that massive connectivity will become
an essential criterion for CSTNs due to the continuously
increasing number of wireless devices. Traditionally, the STN
communication primarily adopts an orthogonal multiple
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access (OMA) scheme to deliver services. However, it is
considered as one of the main bottlenecks since there is
a limitation in the number of servable devices due to its
orthogonality. As a remedy, the non-orthogonal multiple
access (NOMA) technique has been recently exploited as
one of the key technologies in the future wireless networks because of its ability to serve multiple users on
the same time/frequency/code resources while differentiating the users on the base of different power levels [5]–[7].
The NOMA enables non-orthogonal allocation of resources
between users at the expense of additional receiver complexity, such as successive interference cancellation (SIC)
mechanism, which is implemented at the user terminals in
order to minimize co-channel interference (CCI) incurred
by the NOMA and to successively decode the desired signals [8]. At the same time, imperfections in SIC lead to
the error propagation phenomena resulting in the degraded
bit error rate (BER) which is the main cost of NOMA systems [9]. In comparison with OMA schemes, in high-mobility
cases, NOMA ensures robust performance gains. Particularly, OMA systems acquire no frequency-domain scheduling gain as channel state information (CSI) is obsolete,
whereas NOMA provides gains as it relies on the CSI on the
receiver side [10]. Furthermore, the superior performance of
NOMA over conventional OMA schemes in terms of device
connections and efficient utilization of spectrum has been
verified by the authors in [11], [12]. NOMA is therefore
recommended for use in urban environments for 5G networks with ultra-low latency and ultra-high connectivity such
as IoT.
A. RELATED WORKS

During the last decade, the performance of STNs has been
extensively studied in various research works. More recent
articles have defined the STN as an enabler of future
advanced wireless communication networks and examined
its performance [13]–[17]. For example, in [13], the authors
examined a relay-based STN of numerous users with
multi-antennas in terms of the outage analysis and ergodic
capacity, where they employ amplify-and-forward (AF)
relaying with CCI considering opportunistic user scheduling with an obsolete CSI. Furthermore, the symbol error
rate (SER) performance of the integrated STN with direct
and cooperative modes was investigated by the authors in [4],
where CCI under shadowing fading was taken into account.
Moreover, in [15], closed-form analytical expressions for outage probability and throughput were obtained for an uplink
STN, which employs decode-and-forward (DF) terrestrial
relays. In addition, the authors in [16] and [17] investigated
the security aspects of the hybrid STN by deriving analytical expressions of ergodic secrecy rate and average secrecy
capacity, respectively.
1) STN AND IoT

Apart from the 5G technologies, the STN is also expected to
benefit massive IoT devices. Current terrestrial networks have
VOLUME 9, 2021

been evolved to provide service for a large number of devices
and machines. Nevertheless, the coverage of terrestrial base
stations is limited, especially, in remote environments, e.g.,
mountains, forest, desert areas, etc. Thus, the integration of
the STN and IoT technologies has been recently gaining
special attention. For example, in [18], the authors studied the performance of the IoT and STN combination by
deriving the closed-form lower bound and asymptotic outage
expressions for both satellite and IoT networks. Moreover,
a positive influence of the STN on the blockchain-based IoT
devices was discovered by the authors in [19], where they
proposed a coordinated STN to develop effective blockchains
and derived a network scheduling strategy. Furthermore,
the authors in [20] examined the network, where IoT sensors
are linked via Low Earth Orbit (LEO) satellites and proposed
control and data message overhead optimization models for
the STN-assisted IoT networks.
2) CSTN

A rapidly increasing number of IoT devices lead to a crucial
challenge of spectrum congestion. The deployment of the CR
into STNs is currently considered as a promising remedy
for this issue. Therefore, there are plenty of works where
the researchers examined the CSTNs [21]–[25]. For instance,
the authors in [21] explored the performance limits for the
coexistence of the geostationary orbit (GEO) broadband
satellite networks and terrestrial millimeter Wave (mmWave)
cellular networks. In addition, they derived the outage probability and ergodic capacity for terrestrial users. Moreover,
a satellite secondary network (SN) coexisting along with a
terrestrial primary network (PN) was examined in [22], where
the authors studied the outage performance while considering the impact of CSI uncertainty. Furthermore, the authors
in [23] investigated the energy-efficient PA techniques for
CSTNs by employing the quality of service (QoS) metric. The integration of relay transmission into CSTN has
also been considered by several works [24], [25]. In [24],
the authors considered both direct and relay communication links based on an overlay approach to numerous terrestrial users from a primary satellite source with the coexistence of a secondary transmitter-receiver pair on the ground.
Additionally, underlay CSTN relay networks were analyzed
in [25], where the authors analyzed the performance in
terms of the two performance merits, namely, the achievable
diversity order and coding gain. Further, the security issues
of the CSTN considering multiple multi-antenna and uniformly distributed eavesdroppers were studied by the authors
in [26] and [27].
3) STN AND NOMA

Another promising technique to resolve the problem with
massive connectivity and spectrum scarcity is the NOMA,
which is able to provide simultaneous service for multiple
users and high efficient resource utilization. Several works
have already investigated the NOMA scheme superiority
in terrestrial networks [28]–[31]. For instance, the authors
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in [28] investigated the downlink NOMA transmission in
mmWave networks and evaluated its performance in terms of
the coverage probability (CP). Furthermore, in [29], the outage performance of the CR-based NOMA was evaluated by
considering the AF relaying scheme while a similar system
model was examined considering the DF scheme in [30].
Inspired by this success, many researchers have recently
introduced the NOMA in STNs [32]–[36]. For example,
the authors in [32] evaluated the performance of such networks in terms of the outage metric by assuming that a satellite establishes simultaneous communication with numerous
multi-antenna users by applying the NOMA scheme. In the
same manner, the authors in [33] studied the multiple-user
NOMA scheme in the STN taking into account CSI imperfections at receivers and assuming both DF and AF relaying protocols. Furthermore, a joint optimization design for
a NOMA-based STN was proposed by the authors in [34],
where the mmWave spectrum is shared by a satellite multicast
communication network with a cellular network using the
NOMA technique. Moreover, in [35], the authors considered the NOMA-assisted STN, which employs a small-cell
transmission scheme under macro-cell user interference constraints, and revealed that the NOMA scheme is capable
of improving the spectrum efficiency. In addition, to further maximize the spectrum utilization efficiency in the
STN, the authors in [36] integrated the bandwidth compression (BC) design with NOMA, named BC-NOMA, which
leads to the non-orthogonality in both power and frequency
domains.

5) RESIDUAL TRANSCEIVER HARDWARE
IMPAIRMENTS (RTHI)

4) CSTN AND NOMA

All the aforementioned works were conducted assuming perfect hardware structure at the transmission and
reception nodes. In fact, the hardware struggles from
many forms of impairments, such as non-linearity of inphase/quadrature-phase imbalance (IQI), high power amplifier (HPA) and phase noises [41]–[45]. As it is stated in [44],
non-ideal transceivers with imperfections induced remarkable distortions in received and transmitted signals. The
RTHIs have been studied considering various system models
in STNs [15], [46]–[48]. For example, the authors in [15]
examined the uplink STN consisting of multiple terrestrial
users which communicate with a satellite through several
terrestrial DF-based relays by employing a single-antenna
user and taking into account hardware imperfections at all
nodes. In the same manner, the authors in [46] investigated
the influence of hardware impairment (HI) on the hybrid
satellite-terrestrial relay systems by conducting the performance evaluation in terms of the outage, where a GEO
satellite communicates with the terrestrial destination via DF
relays. Furthermore, in the context of CSTNs, the authors
in [47] considered the overlay CSTN taking into account HIs
at user devices, where the destructive effect on the system
performance was demonstrated and the adaptive relaying protocol was proposed in order to mitigate this effect. Moreover,
the influence of HIs on the performance of NOMA-based
STNs was investigated in [48], where, in addition, the superiority of the NOMA over traditional schemes was demonstrated. To the best of the author’s knowledge, however, there
is no study yet on the impact of HIs in the joint NOMA-based
CSTNs.

Nonetheless, until now, very few works have evaluated
the performance of NOMA-based CSTNs [37]–[40]. For
instance, the authors in [37] obtained the closed-form and
asymptotic outage probability expressions for both PN and
SN users under the DF relay protocol, while a similar system model was evaluated in terms of the ergodic capacity
considering the AF protocol in [38]. As a result, both works
revealed the superior performance of the NOMA scheme over
conventional OMA networks. In [39], the authors examined
the overlay multi-user NOMA-assisted CSTN and investigated its superiority over traditional benchmark schemes,
such as time division multiple access (TDMA) and direct
satellite schemes. Additionally, they examined the influence
of power allocation (PA) factors on the system performance
in order to superimpose the primary receiver signals. They
suggested a guideline to determine the effective value of
the spectrum sharing parameter based on this analysis. Furthermore, in [40], the authors derived analytical expression
using Meijer-G functions for the ergodic capacity of the
NOMA-assisted CSTNs and confirmed its advantages over
traditional TDMA schemes. Additionally, they examined the
network performance by varying different system parameters,
namely, terrestrial and satellite link configurations and PA
coefficients.

In contrast to [37]–[40], this article examines the
NOMA-based CSTN considering the aggregate transceiver
distortions as well as interference temperature constraint
(ITC). Moreover, to make our system model under consideration close to the realistic case, we investigate the impact
of imperfect SIC, signal-to-noise ratio (SNR)-dependent
and SNR-independent CSI on the performance of the
NOMA-based CSTN. Hence, we summarize the key contributions of this article as follows:
• The generalized closed-form analytical expressions
for the CP of the proposed NOMA-assisted CSTN
are derived for both primary and secondary network
users, and their correctness is verified by Monte Carlo
simulation.
• Commonly, most of the recent research works on
NOMA-based CSTNs assume a fixed PA scenario,
where PA factors are predefined as fixed values. However, this approach is not practical in real-life cases
and does not ensure fairness among all NOMA users.
Therefore, we derive a closed-form solution considering non-ideal system configurations for fairness-based
PA factors to provide the NOMA-enabled users with
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FIGURE 1. An illustration of the NOMA-assisted Cognitive STN model.

•

equal coverage probability. Furthermore, an algorithm
to obtain fair PA factors is provided. Both methods are
in good agreement with each other, which proves the
correctness of a PA scheme based on the NOMA users’
performance fairness.
The influence of several system parameters on the network performance is examined using derived analytical
results. And, by comparing with a benchmark OMA
scheme, the advantage of NOMA is verified. Moreover,
the impact of all the imperfections is examined explicitly
in terms of the CP and throughput.

II. SYSTEM MODEL

Consider a downlink underlay multi-user CSTN model consisting of primary and secondary networks as illustrated
in Fig. 1. The satellite PN comprises the primary satellite transmitter (T ) which intends to directly communicate to multiple primary users (PUs), indicated by Rn ,
n ∈ {1, 2, . . . , N }. At the same time, the terrestrial SN
consists of a secondary transmitter (S), which can access the
licensed band spectrum of PUs and communicate to several
secondary users (SUs), denoted by Uk , k ∈ {1, 2, . . . , K }.
In this case, the PUs can suffer from the aggregate interference from S while T interferes with the SUs.

C. NOTATIONS AND PAPER ORGANIZATION

A. CHANNEL MODELS

Notation: In this article, fχ (·) and Fχ (·) represents the
probability density function (PDF) and the cumulative distribution function (CDF) of a random variable (RV) χ, respecPcov [·] denotes the coverage probability.
Also, 0(a) =
Rtively.
R x a−1
∞ a−1 −t
t
e
dt
[49,
(8.310)],
γ
(a,
x)
=
t
e−t dt [49,
0
Rinc
∞ a−1 −t 0
(8.350.1)] and 0(a, x) = x t e dt [49, (8.350.2)]
indicate the Gamma function, the lower and upper incomplete Gamma functions, accordingly. Gm,n
p,q (·|·) represents
Meijer-G functions with a single variable.
The rest of the work is organized as follows. The system
and channel modeling of NOMA-assisted CSTNs is defined
in Section II while Section III derives novel closed-form analytical expressions for the coverage metric in the considered
satellite and terrestrial networks. Further, Section IV presents
a closed-form solution and optimization algorithm for the
optimized PA factors. Section V demonstrates the numerical
and simulation results to verify the correctness of the derived
findings and investigate the influence of imperfections on the
system performance. Finally, concluding comments and main
findings of the article are drawn in Section VI.

We assume that the channel estimates are obtained using
linear minimum mean square error channel estimator as [50],
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χ = χ̃ + ,

(1)

where χ denotes the observed mismatched channel, while χ̃
is a real channel estimate and  indicates its estimation error,
with CN (0, λ), where λ can be described considering the
nominal transmit SNR ω, as λ = 8ω−η , which represents
different acquisition scenarios for any constant values of 8 >
0 and η ≥ 0. The perfect CSI can be obtained if η → ∞ for
ω > 0. Moreover, additive white Gaussian noise (AWGN),
with mean zero and variance σ 2 , exposes all the receivers.
1) SATELLITE DIRECT AND INTERFERENCE CHANNELS

The channels
corresponding
links given by

 to the satellite

gTU = gT 1 , gT 2 , . . . , gTK and hTR = hT 1 , hT 2 , . . . , hTN
follow the shadowed-Rician fading. Thus, the corresponding
PDF is given by [51]
mX
n −1
f|χn |2 (x) =
ϒx ` e−∂n x , x ≥ 0,
(2)
`=0
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mn P

mn −1 (1−mn )` (−δn )`
and
`=0
(`!)2
n
1
∂n = %n − δn , where δn = 2b̄ (2b̄ m + ) , %n = 2b̄ . Here, 2b̄n
n
n n
n
n
is the average power of a multi-path component, n denotes

with ϒ

=

1
2b̄n



2b̄n mn
2b̄n mn +n

the average power of a line-of-sight (LoS) component, and
mn represents the fading severity parameter.
We denote the antenna gain at T as GT , with ϕ representing
the angle between the i-th user’s location and the beam center
with respect to the satellite. Hence, the beam gain Gi (ϕ) is
expressed as [52]


J3 (u) 2
J1 (u)
+ 36 3
,
(3)
Gi (ϕ) = Gi,max
2u
u
where u = 2.07 sinsinϕ ϕ , ϕ3dB is the 3-dB angle for the beam,
3dB
and Jl (·) is the first-kind Bessel function of order l.
2) TERRESTRIAL DIRECT AND INTERFERENCE CHANNELS



The terrestrial
 links given by gSU = gS1 , gS2 , . . . , gSK
and hSR = hS1 , hS2 , . . . , hSN are presumed to abide the
Nakagami-m fading. Hence, the channel gains (i.e., squared
values) are Gamma RVs with the PDF given by
y

ymk −1 e− ν
f|χk |2 (y) =
,
0(mk )ν mk

(4)

where mk and ν stand for the shape and scale parameters,
respectively.
In addition, the sectorized antenna pattern has been used to
model analog beamforming between communicating nodes
as G(θ) = Gm , when θ ≤ θb ; otherwise, G(θ) = Gs , where
Gm and Gs denote the main and side lobe gains,1 respectively.
θ is the angle of a boresight direction, while θb indicates
the antenna beamwidth. For convenience, we assume that the
terrestrial station interferes with the PUs with side lobe gain,
while main lobe gain is exploited in the terrestrial direct links.
B. SIGNAL AND SINDR MODELS
1) SATELLITE PRIMARY NETWORK

The satellite T and N terrestrial end-users (Rn, n∈{1,...,N } )
comprise the downlink satellite PN that employs the
NOMAP concept by broadcasting a superposed signal
N √
x =
n=1 αn xn , where xn and αn denote the message
devoted for the n-th user and theP
corresponding PA coefficient
(with α1 > α2 > . . . > αN s.t. N
n=1 αn = 1).
Hence, considering the CSI imperfections in (1),
the received signal at Ri , for i ∈ {1, . . . , N }, can be written as
!
N

p
X
√
PT GT Gi (ϕ)L
αn xn + µi
yi = h̃i + i
n=1

q
−τ
+hSi PS GS Ḡi dSi
(sk + µ̄i ) + ni , (5)

where ni ∼  CN 0, σi2 denotes the AWGN term.
µi ∼ CN 0, κi2 and µ̄i ∼ CN 0, κ̄i2 represent the impact
of residual HIs by the aggregate distortion noises, where
1 It is assumed that an antenna gain has a constant value in the frame of
given main or side lobe sectors.
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κi and κ̄i denote the HI rates detected in the corresponding
transmitter-receiver pairs’ communication links. Moreover, L
denotes path-loss which follows the Friis’ law for free-space
propagation states [52].
Then, considering non-ideal SIC, the instantaneous signalto-interference-noise-distortion ratio (SINDR) at Ri to decode
message xn , for n 6 i, is expressed by arranging ρi =
−τ
PT GT Gi (ϕ)L, ρ̄i = PS GS Gi dSRi
, Xi = |h̃TRi |2 , Yi = |hSRi |2 ,
a = αn ρi , as follows
γi→n =

aXi
,
bXi + 6i + cYi

(6)


where 6i = ρi 1 + κi2 σ2 + σi2 stands for the power levels
of the channel error (i.e., σ2 ) and the AWGN noise (i.e., σi2 ),
respectively. The interference
 power factor received from S
2
is given by c = 1 + κ̄SRi ρ̄i , while b = ρi A represents the


SIC-based interference level, with A = 9n + 9̃n + κi2 ,
PN
Pn−1
where 9n =
t=n+1 αt , and 9̃n =
l=1 ξl αl , with
0 ≤ ξ ≤ 1 [31]. Note that R1 decodes its own message by considering the messages’
of the other users as a
PN
noise and defining 91 =
α
t=2 t and 9̃1 = 0. On the
other hand, only RN needs to decode message xN , subject to 9N =P0 and perfect/imperfect SIC realizations
given by 9̃n = n−1
l=1 ξl αl .
2) TERRESTRIAL SECONDARY NETWORK

On the other hand, the terrestrial SN consists of the secondary
transmitter S and K NOMA end-users (Uk, k∈{1,...,K } ), when
PK √
the superimposed signal s =
k=1 βk sk is sent to all
intended SUs, where sk and βk indicate the message dedicated
for the k-th SU and the corresponding
PA coefficient (with
P
β1 > β2 > . . . > βK s.t. K
β
=
1).
GS is the antenna
k
k=1
gain at S. In the same manner, the received signal at Uj , for
j ∈ {1, . . . , K }, can be written as
!
K p

q
X
−τ
rj = g̃j + 
PS GS GDj dj
βk sk + µ̄i
k=1

p

+gPD PT GT GD (ϕ)L xn + µj + nj .

(7)

Hence, we can express the SINDR at Uj , for j ∈ {1, . . . , K },
to detect message sk from S as follows
ψj→k =

PS

W1 Zj PS

,
W2 Zj + E + CQj + σj2

(8)

where Zj = |g̃j |2 , Qj = |gTj |2 , and W1 = βk GS GDj
dj−τ . The power of channel error is denoted by

E = GS GDj dj−τ 1 + κ̄i 2 σ2 and σj2 is AWGN noise
power. W2 = GS GDj dj−τ Ā stands for the SIC-based


interference, with Ā
=
9j + 9̃j + κ̄i2 , whereas


C = 1 + κT2j PT GT GD (ϕ)L denotes the interference term
received from T .
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III. COVERAGE PROBABILITY
A. SATELLITE PRIMARY NETWORK

IV. ADAPTIVE POWER ALLOCATION
A. CLOSED-FORM APPROACH

By definition, the coverage is defined as the probability that
the SINDR value greater than a predefined SNR-associated
rate threshold, which can be expressed as v = 2R − 1, where
R denotes the data rate threshold [54]. Thus, by applying (6),
the CP of decoding message xn by Ri can be determined as

Many previous works on NOMA-based CSTNs assumed the
fixed PA schemes, where the power is allocated to the users
with respect to their channel conditions; therefore, involved
users obtain different performance rates, as expected. Contrarily, for fairness purposes, it is important to ensure that all
served users experience the same performance. Thus, in this
article, we derive a closed-form fairness-based PA solution to
provide equal coverage probability to NOMA users. In order
to implement that, we use the SINDR of NOMA users by
making them equal to some auxiliary SINDR, γ̈ . It is worthwhile mentioning that, in general, it is recommended to apply
NOMA for the two-user case only due to the non-linear
processing complexity dependent on the number of involved
end-users [55]. This complexity of the system becomes more
critical when errors exist during the SIC process [56]. At the
same time, for the considered system model with imperfect
SIC, the derivation of the closed-form fairness-based PA
factors becomes intractable for the cases with more than
2 users. Hence, considering the abovementioned discussion,
we provide a closed-form fairness-based PA factor solution
for a two-user case with their SINDRs, γ1 and γ2 , which can
be defined using (6) as

Pcov,i (v) = Pr [γi→n > v] , 0 < n ≤ i.

(9)

Proposition 1: Considering imperfect SIC/CSI/HI, we can
express the closed-form CP expression for the primary user
of interest as in (10), as shown at the bottom of the page.
Proof: Derivation details are drawn in Appendix A.
B. TERRESTRIAL SECONDARY NETWORK

The CP for UK can be expressed using (8) and considering ITC as in (11), as shown at the bottom of the page,

I [i]
∗ by assuming
where Si = ITC
Yi and PS = min P̄S , S
S∗
=
max(S1 , S2 , . . . , SN ). Further, we denote
[i]
τ and Y = |h |2 .
IITC
= IITC dSR
i
SRi
i
For the convenience, we simplify the expression using the
v(EPs +σj2 )
vC
Ps (W1 −vW2 ) , T2 = Ps (W1 −vW2 ) ,
[i]
vI E
vC
, J3 = [i] ITC
,
[i]
IITC
(W1 −vW2 )
IITC (W1 −vW2 )

following definitions: T1 =
J1 =

vσj2
[i]
IITC (W1 −vW2 )
[i]
IITC

, J2 =

and 3 = P̄ .
s
Proposition 2: The CP in the SN given by (11) can
be expressed in closed-form considering ITC as sum
of (12) and (13), as shown at the bottom of the page, where,
for the sake of brevity, the terms A and B are demonstrated
separately.

p
mX
mX
n −1 m
n −1
0 −1 X
X
MA T2n ϒ(n + `)!
A=1−
ϒ`!∂n−`−1 −

aX1
,
bX1 + 61 + cY1
aX2
.
γ2 =
bX2 + 62 + cY2

γ1 =



T2
×
+ ∂n
ν0

−n−`−1 !


γ mk , 3
ν
.
0(mk )

min |γ1 − γ2 |
s.t. γi = γ̈ , i ∈ {1, 2},
X
αi ≤ 1.

(12)

Proof: A full derivation can be found in Appendix B.

PPN
cov,i (v)

=1−

mX
n −1

ϒ`!

`=0

∂n`+1

+

mX
`
n −1 X
`=0 p=0


−t−mk
p
`! ϒe−I (i)6i (∂n ) X (I (i))p p! (6i )p−t ct 0(t + mk ) 1
+ I (i)∂n c
p! ∂n`−p+1
t!(p − t)!
0(mk )ν mk ν

(16b)

(10)

t=0

(11)

B


 mn −1 t+m−1
p
mX
mX
t  
n −1
0 −1 X
X
X 3j ϒ
0(m, 3
t t−i i 0(t + m) − ν1 + νJ1 3 X
ν)
−`−1
0
B=−
ϒ`!∂n
+
MB
J1 J2
e
0(m)
i
0(m)ν m
j!
`=0
p=0 t=0
i=0
`=0 j=0
!
J2 3
V2 −(i+`+1) 2,1 ν0 + ∂n 1 − (i + ` + 1)
×
G
0, −(i + ` + 1) + (−j + t + m)
0(−j + t + m) 1,2
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(16)
(16a)

i

!
!
W
Z
P
W
Z
S
1
j
S
1
j
i


PSN
>v, P̄s < Si + Pr
> v, P̄s > Si − 1
cov,j (v) = Pr
PS W2 Zj + E + CQj + σj2
Si W2 Zj + E + CQj + σj2


= Pr Zj > (T1 + T2 Qj ), Yi < 3 + Pr Zj > (J1 Yi + J2 Qj Yi + J3 ), Yi > 3 − 1 .
{z
} |
{z
}
|
A

(15)

Thus, the following problem can be formulated to find the
auxiliary fair PA factors and SINDR:

`=0 p=0 n=0

`=0

(14)

(13)
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TABLE 1. The Fairness-Based Closed-Form PA Factors

TABLE 2. Simulation Parameters

B. CVX APPROACH

The solution steps for (16) are given as follows. First,
we make γ1 = γ2 = γ̈ that results in
aX1
= γ̈ , and
bX1 + 61 + cY1
aX2
= γ̈ .
bX2 + 62 + cY2

Here, we investigate the fairness-based PA factors which
provide a fair CP for both types of users by compiling with the ITC constraint using geometric programming. The PA problems for the PN and SN can be
formulated as

(17)

P1 : max γ̈
αn ,γ̈

(18)

s.t. P11 : γn ≥ γ̈ , ∀n ∈ {1, . . . , N }
X
P21 :
αn ≤ 1

Next, using (17) and (18), we derive α1 and α2 as
α1 = γ̈ α2 + γ̈ I¯1 ,
α2 = γ̈ ξ1 α1 + γ̈ I¯2 ,
4
|h̃i |2

and 4
where I¯i =
Then, after substituting

(19)
(20)

i
= κi2 |h̃i |2 + 6i +cY
ρi , with i ∈ {1, 2}.
(20) into (19), α1 can be rewritten as

γ̈ 2 I¯2

+ γ̈ I¯1
.
α1 =
1 − γ̈ 2 ξ1

(21)

γ̈ 3 ξ1 I¯2 + γ̈ 2 ξ1 I¯1
+ γ̈ I¯2 .
1 − γ̈ 2 ξ1

(22)

Finally, the optimal SINDR can be expressed by inserting
(21) and (22) into α1 + α2 ≤ 1 as
p
(I¯1 + I¯2 )2 − (I¯1 + I¯2 ) − 4(I¯2 + I¯1 ξ1 + ξ1 )
γ̈ =
. (23)
2(I¯2 + I¯1 ξ1 + ξ1 )
One can obtain optimal α1 and α2 by inserting (23) into (21)
and (22), respectively. Note that we derive the PA factors for
two-user case taking into account the imperfect SIC; however,
for more users, this problem is intractable. At the same time,
it is pertinent to mention that, when ideal SIC is of interest,
the PA factors for two-, three- and four-user cases are drawn
in Table 1, accordingly.
In the same manner, optimal βk for terrestrial secondary
users can be derived using their SINDRs, ψk , defined in (8).
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(24)

∀n,

and
P2 : max ψ̈
βk ,γ̈

s.t. P12 : ψk ≥ ψ̈, ∀k ∈ {1, . . . , K }
X
P22 :
βk ≤ 1
P32 : βk ∈ [0, 1],

Now, substituting (21) into (20), we obtain α2 as
α2 =

P31 : αn ∈ [0, 1],

∀k

(25)

where we handle the max-min objective by setting the objectives to auxiliary variables γ̈ and ψ̈ and enforcing all SINDRs
to be not less than γ̈ in P11 and ψ̈ in P12 for the PN and SN,
respectively. P21 and P22 represent the maximum transmission
power levels available at the source nodes. P31 and P32 show
that the PA factors αn and βk obtain values ranging from 0 to
1. We solve P1 and P2 numerically by altering P11 and P21 into
1/γn ≤ 1/γ̈ and 1/ψk ≤ 1/ψ̈, respectively, to put inequality
constraints in the form of posynomials.
V. RESULTS DISCUSSION

This section provides the numerical results on the CP for the
system model under consideration designated by the simulation framework drawn in Table 2, which mainly follows the
parameters listed in [15], [52], unless specified otherwise.
Also, it should be noted that the transmit SNR in the following plots are defined as PT2 and PS2 for the PN and SN,
σi

σj
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FIGURE 2. Coverage probability versus the transmit SNR for the NOMAand OMA-based SN with ITC = {0, 20} dB.

respectively. Moreover, we verify our derived analytical
expressions (10) and (11) through Monte Carlo simulations.
In Fig. 2, we compare the results on the coverage probability of the SUs based on the analytical findings derived
in Section III with those related to the OMA scheme for the
two-user case2 under different ITC levels. It is seen from
the plot that a better CP for the NOMA-based network is
achieved at a higher value of the ITC. On the other hand,
when a smaller ITC is imposed, the CP degrades by showing
a saturation at lower SNR values. Moreover, one can observe
that the NOMA-based network has superiority over the OMA
in terms of the CP. However, it can be noticed that, for U1 ,
the coverage saturation for the NOMA-assisted network starts
at the lower levels of transmit SNR in contrast to the SNR rate
for the OMA network. It can be justified by the ITC equation,
where the transmit power of 0.5 Ps increases the level of
the ITC impact at S. In addition, it should be noted that our
analytical findings perfectly coincide with the Monte Carlo
simulations which verify the correctness of our derivations.
In Fig. 3, the CP comparison of the primary and secondary users with fixed and adaptive fairness-based PA factors obtained in Section IV-A is illustrated. In the case of fixed
PA factors, it can be seen that the second users (in red color) in
both PN and SN demonstrate superior coverage performance
which can be explained by the influence of chosen simulation
parameters. Commonly, many research works assume fixed
PA factors, where power is allocated among the users based
on their channel conditions; hence, each user achieves various
levels of performance. However, it is not realistic and the most
efficient scenario. Therefore, we apply the fairness-based PA
2 For the sake of simplicity, we consider only two PUs and two SUs with
fixed PA factors due to the following reason. Serving multiple NOMA nodes
can be impractical in real-time communication due to the fact that, at a
receiver side, the processing complexity of the SIC increases non-linearly
by raising the number of users [55]. In addition, the issue becomes more
crucial when the SIC error exists [31].
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factors obtained from Section IV-A in order to provide fair
and equal CP to all users. Thus, from Fig. 3, one can observe
that the PA scheme provides both users in the PN and SN
with an equal CP and allows them to achieve the performance
rate somewhere between the CP curves related to the scenario with fixed PA factors. With this in mind, we decide
to apply the fairness-based PA factors to all the forthcoming
results.
Fig. 4 compares the coverage performance of the optimized
primary and secondary users. Particularly, the CP results for
two-, three-, four-user NOMA cases are plotted by utilizing
the optimized closed-form PA factors from Section IV-A.
Moreover, we plot the CP results for two-, three-, fourand five-user NOMA scenarios solving P1 and P2 in
Section IV-B. It should be noted that, in the N -user NOMA
scenario, each coverage curve represents the identical (overlapped) curves for all and each of users, e.g., if K = 3, then it
is true for users U1 , U2 and U3 . Furthermore, one can clearly
notice that the two-user NOMA scenario greatly outperforms
the NOMA cases in both PN and SN, with a higher advance
in the former. It should be noted that we can further expand
our results by obtaining the CP metric for more than five
users by deploying geometric programming from Section IVB. However, it is obvious that with a higher number of
users, the coverage performance deteriorates significantly.
Due to these findings, the consideration of multiple NOMA
users may be infeasible; therefore, for further performance
examination, we consider only the adaptive two-user NOMA
scenario.
Fig. 5 illustrates the influence of CSI imperfections on
the CP performance for the PN. Particularly, Fig. 5 demonstrates the influence of SNR-independent CSI mismatches
by adjusting η = 0. It is clearly noticeable that the CP
performance deteriorates with increasing 8 and its impact
becomes tangible as the transmit SNR increases. It is apparent
that imperfect CSI has an enormous effect on the system
performance. However, this influence of 8 almost invisible
at high SNR levels. In its turn, when η 6= 0, CSI becomes
SNR-dependent. Moreover, Fig. 5 illustrates that the higher
rate of η leads to better system performance. Contrarily, in the
case of equal η values, the growth of 8 leads to the noticeable
deterioration of the CP performance. However, it is apparent
that η has much more effect on the performance than 8. It is
worth mentioning that all curves in the SNR-dependent case
level out on the same CP at high SNR values.
Fig. 6 shows the impact of CSI mismatch on the performance of secondary users. The plot depicts the SNRindependent/dependent CSI scenarios. When η = 0, meaning
that the channel error variance is independent of the transmit
SNR, it is observed that 8 affects the system performance
quite noticeably. However, 8 does not have a significant
effect on the CP performance at high SNR values. In its turn,
when η 6= 0, CSI becomes SNR-dependent again. Here, one
can observe that the increase of η leads to the improvement
of system performance. Furthermore, in the case of equal η
values, the growth of 8 causes the CP degradation. However,
35939

Y. Akhmetkaziyev et al.: Performance of NOMA-Enabled Cognitive STNs With Non-Ideal System Limitations

FIGURE 3. Coverage probability versus the transmit SNR for the PN and SN with different PA schemes.

FIGURE 4. Coverage probability versus the transmit SNR for the PN and SN with different numbers of users.

it is obvious that η has much more influence on the performance than 8. It should be noted that, after 45 dB, all the CP
curves are equal to each other in both SNR-independent and
-dependent cases.
In Fig. 7, we examine the influence of the different levels
of HI on the CP performance in the PN and SN. Particularly, the HI level was set to three different scenarios with
κ = {0, 0.15, 0.3}. As expected, the CP of both primary and
secondary users deteriorates in the presence of HI. It should
be noted that HIs have a low impact at high SNRs and all
the curves of the PN and SN level out on the same CP at
60 dB and 47 dB, respectively. Moreover, one can observe
that a small value of HI has a marginal impact. However, it is
still noticeable that a higher rate of HI can greatly degenerate
the overall system coverage performance. Thus, the most
obvious shift applies to κ = 0.3, whereas the other hardware
35940

realizations can be characterized by a marginal deviation
from the ideal case.
In Fig. 8, we study the impact of various Nakagami-m
channel parameters and the SIC influence in the ideal case,
namely, with the ξ = {0, 0.05, 0.1}, on the performance of the
terrestrial SN. It is clearly observable that a higher m parameter leads to a better performance with m = 4 demonstrating
the best CP rates. Additionally, the influence of various SIC
scenarios is investigated for the ideal case. With respect to
the obtained results, subject to flawed SIC, the performance
of U2 deteriorates when ξ increases, as expected. It is worth
mentioning that, at the higher level of transmit SNR, imperfect SIC has a low impact on the CP.
In modern wireless networks, the development of a HI-free
system is an extraordinarily expensive and challenging task.
Nevertheless, there are some devices that are resistant to the
VOLUME 9, 2021
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FIGURE 5. Coverage probability versus the transmit SNR for the PN over
different CSI scenarios.

FIGURE 7. Coverage probability versus the transmit SNR for the PN and
SN under different HI scenarios.

FIGURE 6. Coverage probability versus the transmit SNR for the SN under
different CSI scenarios.

FIGURE 8. Coverage probability versus the transmit SNR for the SN under
different Nakagami-m and SIC scenarios.

HI up to certain levels assuming that their QoS requirements
are satisfied. Therefore, Fig. 9 illustrates the failure probability of the system performance versus HI under various
transmit power levels for the PN and SN. Here, we assume
that the failure probability threshold of the system under
consideration is 10−2 . From both plots, it can be clearly seen
that taking higher transmit power allows us to obtain lower
failure probability, even though HI deteriorates the system
performance and increases the possibility of failure. Thus,
65 dB for the PN and 45 dB for the SN provide the lowest
failure probabilities which mainly satisfy the system’s HI tolerance level in the ideal case. In addition, from Fig. 9, one can
observe the impact of imperfect SIC on failure probability.
As it is expected, the possibility that failure occurs increases
as the value of ξ goes up. For example, ξ = 0.1 causes the
greatest system degradation and a very high level of failure

probability for both primary and secondary networks even
with the high level of transmit SNR.
In Fig. 10, we plot the CP versus the predefined data
rate threshold in bps/Hz at the transmit SNR of 40 dB considering various imperfect CSI scenarios for both PN and
SN. It is obvious that the CP deteriorates with an increasing
threshold, as expected. Furthermore, in the plots, both SNRdependent/independent CSI cases were considered. Thus,
η = 0 means that CSI is SNR-independent. In this case,
the crumbling impact of 8 on the system performance can
be clearly noticed. Contrarily, when η 6= 0, CSI becomes
dependent on the transmit SNR. The figure demonstrates that
an increase of η leads to the improvement of the system
coverage. However, in the case of equal η values, one can
notice the degradation of CP performance as 8 increases.
It becomes obvious that 8 has a way lower influence on the

VOLUME 9, 2021
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FIGURE 9. Failure probability versus HI under different transmit power levels and SIC scenarios.

FIGURE 10. Coverage probability versus the rate threshold for the PN and
SN under different CSI scenarios.

CP compared to η. Another interesting observation is that the
curves corresponding to η = 1 and 8 = 10 in the PN and
SN plots are close to the ideal case of the SNR-independent
CSI case, which can be explained by the fact that high η
leads to the perfect system performance. Moreover, one can
notice that SN has a much higher CP rate than PN which
can be explained by the impact of selected system parameters
defined in Table 2.
In Fig. 11, we evaluate the impact of various
shadowed-Rician and Nakagami-m fading scenarios on the
system throughput. Particularly, we assume heavy, average
and light shadowed-Rician fading models with parameters (mi , bi , i ) set as (2, 0.063, 0.0005), (5, 0.251, 0.279),
and (10, 0.158, 1.29), respectively. The figure demonstrates
that the light shadowed-Rician fading model allows us to
achieve a maximum throughput rate at the relatively lower
35942

FIGURE 11. Throughput versus the transmit SNR for the PN and SN over
different fading parameters.

transmit SNR. Further, it should be noted that the variation of
shadowed-Rician parameters does not have a considerable
influence on the throughput rate of the secondary users.
Therefore, we examine different SUs’ throughput rate by
varying shape parameter of Nakagami-m fading. Thus, it can
be seen that their performance degrades as m decreases.
VI. CONCLUSION

In this article, we have evaluated the performance of
NOMA-assisted CSTNs, wherein the SN (limited by ITC)
co-shares the available spectrum with the PN. Different from
existing works, we have assumed NOMA for both primary
and secondary networks and obtained the closed-form CP
expressions taking into account the hardware, SIC, and CSI
imperfections along with interference noises. Furthermore,
VOLUME 9, 2021
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a comparison with the OMA network, which is considered as a benchmark scheme, revealed that the proposed
NOMA-based CSTN demonstrates outstanding performance
advancement while utilizing the spectrum resource in an
efficient manner. The correctness of these derived analytical
findings was validated by Monte Carlo simulations. Moreover, the obtained results highlighted the significance of considering HIs at transceivers, especially, when there is a certain
tolerance level of the system. The results also demonstrated
that the impact of HI on the system performance can be
enhanced with the increase of imperfect SIC. Further, we provided closed-form and algorithmic PA solutions in order to
guarantee fairness among all users. Finally, the impact of
each imperfection on the system performance was examined
in terms of the CP and throughput under various system
scenarios.
APPENDIX A
SATELLITE PRIMARY NETWORK

In this section, we present the derivation steps for appraising
the coverage performance of the NOMA end-users in the PN.
The CP can be evaluated using (6) as

APPENDIX B
TERRESTRIAL SECONDARY NETWORK

The term A in (11) can be rewritten as
Z ∞
Z T1 +T2 Qj
Z 3
A=1−
fQ (q)
−fZ (z)dz dq
fY (y)dy .
q=0
| z=0
{z
} | y=0 {z
}
A1

|

{z

}

A1

(A.1)
v
where I (i) = ai −b
.
Here,
A
can
be
obtained
by
integrating
1
iv
(2) with the aid of [49, Eq. (3.351.1)] as
Z I (i)(6i +cYi ) mX
mX
n −1
n −1
`!
ϒ `+1
ϒx ` e−∂n x dx =
A1 =
∂n
0
`=0
`=0
−

mX
n −1
`=0

`
X
`! (I (i) (6i + cYi ))p
ϒe−I (i)(6i +cYi )∂n
.
`−p+1
p!
∂n

(A.2)

p=0

Further, let us denote 1
=
I (i) (6i + cYi ), then
1p can be expanded using a binomial theorem as
p
P
p
p−t
1p = (I (i))p
(cYi )t . Now, for the terrestrial
t (6i )

`=0

=

+

`=0 p=0
Z∞

(yi )

×

ϒ`!∂n−`−1 −

×(n + `)!

`! ϒe−I (i)6i ∂n
(I (i))p
p! ∂n`−p+1


1
t+mk −1 −y ν +I (i)∂n c

e

t=0

dy.

(A.3)

Finally, we can express the exact CP with the aid of
[49, Eq. (8.310.1)] in its closed form as in (10).



p
mX
n −1 m
0 −1 X
X

0

MA T2n ϒ

`=0 p=0 n=0
−n−`−1

T2
+ ∂n
ν0

,

(B.2)
γ mk , 3
ν




and the CDF A3 can be obtained independently as 0(mk ) .
Finally, by inserting A2 and A3 into (B.1), we express A in a
closed form as in (12).
The term B in (11) can be determined as
Z ∞ Z ∞
Z J1 Y +J2 YQj +J3
B = − fQ (q)
fY (y)
fZ (z)dzdy dq.
q=0
y=3
0
|
{z
}
B1

(B.3)
Here, using (4) and the CDF of Z , B1 can be calculated as

B1 = 1 − e

×

=

−J1 Y −J2 YQj −J3
ν0

mX
0 −1

p=0
0(m, 3
ν)

0(m)
Z

×

p  Z ∞
y
J3 + Y (J1 + J2 Qj )
ym−1 e− ν

dy
p
0(m)ν m
ν0 0(p + 1)
3
−

=

p
mX
0 −1 X

MB J1 + J2 Qj

p=0 t=0


1
∞ yt ym−1 e−y ν +V1

3

p 
X

0
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mX
n −1
`=0

0


p (6i )p−t ct
t 0(mk )ν mk

`=0

p=0 n=0

t=0

interference link, the i.n.i.d. Gamma RVs with shape mk and
scale ν parameters are generated using (4). By substituting
(A.2) into (A.1) and using 1p , the CP can be rewritten as
Z∞ mk −1 − y
mX
n −1
`!
y
e ν
ϒ `+1
Pcov,i (v) = 1 −
dy
0(mk )ν mk
∂n
mX
`
n −1 X

A2

0

|

}

(B.1)
The PDFs of Z and Y abide by Nakagami-m statistical model, and Q follows the shadowed-Rician
distribution. Therefore, using (4), we obtain A1 =
−T1 −T2 Qj
Pm0 −1 Pp
ν0
e
1 −
MA (T2 Qj )n , where MA =
p=0
n=0
−T1
p p−n
1
. Now, knowing the results of A1 and
e ν0 ν p 0(p+1)
n T1
0
using (2), we calculate A2 with the aid of [49, Eq. (3.351.3)] as


p
mX
mX
n −1 Z ∞
0 −1 X
−T1 −T2 Qj
n
ν0

e
A2 = 1 −
MA (T2 Qj )
ϒ
q` e−∂n q dq

Pcov,i (v) = Pr [Xi > I (i) (6i + cYi )]
!
Z ∞ Z I (i)(6i +cYi )
fXi (x)dx fY (y)dy.
= 1−
0

A3

{z

0(m, 3
ν)
−
0(m)
× J1+J2 Qj
|

0(m)ν m
p
mX
0 −1 X

t

dy

MB

p=0 t=0



1+νV1
ν
0(m)ν m

t 0(t+m,

{z
B2



3)  1 + νV −t−m
1

ν

,
}

(B.4)
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where

Pm0 −1

=

MB

p=0

1

p
ν0 0(p+1)

J +J Q

p
P

p
p−t
t (J3 )

t=0

and

V1 = 1 ν02 j .
Now, we need to apply the series representation of the
upper incomplete Gamma function given as 0(b, c) =
P
ci
0(b)e−c b−1
i=0 i! [49] and binomial theorem in order to
expand B2 in (B.4). Next, after some algebraic manipulations,
we rewrite B2 as
t  
X
X 0(t + m)3j V2
i t+m−1
t t−i
B2 =
J1 J2 Qj
0(m)ν m j!
i
i=0

j=0

J +J Q 
− ν1 + 1 ν 2 j 3

×e
where V2 =
rewritten as



0

ν0 +νJ1
ν0 ν

j−t−m

1 + Qj

and  =

j−t−m

νJ2
ν0 +νJ1 .

,

(B.5)

Thus, B can be

Further, considering the high-SNR approximations for the
3 term in lower and upper incomplete gamma functions as
c
γinc (c, d) ≈ dc and 0(c, d) ≈ 0(c), d → 0, we can rewrite
A and B as follows



3 mk
0 −1
p
T1 m
X
(T
)
−
1
ν
ν0


, (B.10)
A = 1 − 1−e
p
ν 0(p + 1) mk 0(mk )
p=0 0
p  
0 −1
−J3 m
X
X
1
p p−t
B = e ν0
J
p
t 3
ν
0(p
+
1)
p=0 0
t=0


0(t + m) 1 J1 −t−m
+
− 1.
(B.11)
×J1t
0(m)ν m ν
ν0
Then, we have
PSN
cov,j (v)

Z ∞
p
mX
mX
n −1
0 −1 X
0(m, 3
ν)
` −∂n q
dq +
MB
B=−
q e
ϒ
0(m)
0
`=0

p=0 t=0

 mn −1 t+m−1

t  
X
X 3j
t t−i i 0(t + m) − ν1 + νJ1 3 X
0
×
J1 J2
e
V2 ϒ
i
0(m)ν m
j!
i=0
`=0 j=0
Z ∞
−(t+m−j) i+`+1−1 −( Jν2 3 +∂n )q
dq.
×
1 + Qj
q
e 0
0

(B.6)
Finally, by using the Meijer-G function represented with
the aid of [57, Eqs. (7.34.3.46.1) and (7.34.3.271.1)],
 where

1,0
1,1
−
1
−bγ
−d
e
= G0,1 bγ |0 and (1 + cγ ) = 0(d) G1,1 cγ |1−d
,
0
and after some algebraic manipulations [49, Eq. (3.351.3)],
we obtain the closed-form expression of B as in (13).
A. ADDITIONAL INSIGHTS

Considering the complexity of the derived expression for the
coverage probability of SUs, it is pertinent to simplify it
in order to obtain useful insights about the network performance.
By taking a closer look at (12) and (13), we can note that
these two expressions can be greatly simplified if the term C
(standing for the interference originating from the satellite)
in (8) is eliminated. Considering that T2 = Ps (WvC
and
1 −vW2 )
J2 = [i] vC
are directly proportional to C and they will
IITC (W1 −vW2 )

be also eliminated, the coverage probability can be simply
expressed as
PSN
cov,j (v) = A + B,

(B.7)

where

T
− ν1
0

A = 1 − 1 − e

mX
0 −1
p=0




γ mk , 3
(T1 )
ν

, (B.8)
p
0(mk )
ν0 0(p + 1)
p

p  
0 −1
−J3 m
X
X
0(m, 3
1
p p−t t
ν)
ν0
B=−
+e
J J
p
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ν 0(p + 1) t=0 t 3 1
p=0 0
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.
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m
0(m)ν
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−T1


3 mk
3 mk
e ν0 (T1 )p
ν
ν
=
−
p
ν 0(p + 1) mk 0(mk ) mk 0(mk )
p=0 0
p  
p−t
0 −1 X
−J3 m
X
J3 J1t
p
ν0
+e
t ν0p 0(p + 1)
p=0 t=0


0(t + m) 1 J1 −t−m
+
×
,
(B.12)
0(m)ν m ν
ν0

mX
0 −1

where J3 can be simplified as J3 =


v 1+κ̄i 2 σ2
.
(βk −vĀ)

Thus, it is

clearly seen that increasing the CSI imperfection, i.e., σ2 , will
lead to the increment of J3 ; hence, the exponential term (i.e.,
−

J3

e ν0 ) decreases and consequently leads to the degradation of
the system performance, as expected. The HI parameter, κ̄i ,
has a similar but relatively marginal influence.
Furthermore, one can note that Nakagami-m fading severity parameter, m0 , correlates with the summation index p.
Particularly, higher m0 leads to higher p. Then, considering
the fact that J3 < 1, its power of p produces an even
smaller number, thus, deteriorating the coverage probability.
Therefore, it can be concluded that the Nakagami-m fading
parameter m0 leads to the degradation of system performance.
Moreover, by noting that Ps is in the denominator of both
T1 and 3, one can observe that its increment will lead to the
deterioration of CP, as expected.
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