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Abstract
The non-orthogonal multiple access (NOMA) technique is a prospective solu-
tion to support the massive connectivity of an ever-increasing number of wire-
lessly connected devices and address the spectrum scarcity issue. In this article,
the outage probability and ergodic capacity of a two-hop cooperative NOMA
network with an energy-limited relaying node are quantified over a general-
ized 𝛼 − 𝜅 − 𝜇 statistical model. The relay acts in an amplify-and-forward mode
and performs energy harvesting (EH) using the time-switching and power split-
ting relaying protocols. Moreover, the impact of hardware impairments (HIs)
is incorporated into the performance evaluation. The obtained results prove
the importance of HIs and allow one to evaluate the outage probability and
ergodic capacity over various statistical models and system parameters. Finally,
the results suggest that the optimal performance at a specific scenario depends
on the combination of multiple factors, such as channel conditions, HI level,
transmit power, and EH protocol.

1 INTRODUCTION

The low latency, high data rate and reliability are the integral parts of emerging communication standards.1 These sys-
tem requirements can be resolved by exploiting the millimeter-wave (mmWave) technology considered as the essential of
fifth-generation (5G) communication networks.2 Despite its advantages, the mmWave communication has some limita-
tions; for instance, the main issue lies in the bounded coverage area due to the exploited high-frequency bands,3 which,
in turn, requires line-of-sight (LoS) communication links. However, these days it is rare to have LoS channels in urban
areas, where 5G is about to be deployed. The negative impact of such a limitation can be potentially mitigated using coop-
erative communication principles.4 In addition to that, it is forecast that the traffic exchanged wirelessly will reach its
all-time maximum very soon,5 whereas the spectrum scarcity has not been finally solved yet.
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1.1 Related works

1.1.1 Non-orthogonal multiple access (NOMA)

Powered by successive interference cancellation (SIC), the NOMA technique is widely identified as a main technology
able to mitigate the spectrum shortage via co-sharing the common resources.6 There two main group of NOMA such
as power domain (PD) and code domain (CD). In PD-NOMA, different users are allocated with different power levels
according to their channel conditions.7 For instance, a “weaker” user performs SIC by decoding the message of a more
“robust” user and extracting it first before processing its own message. Ding et al8 showed that PD-NOMA has a ben-
eficial effect on improving the network performance metrics. For example, Liang et al9 quantified the performance of
cooperative NOMA, while the other researchers10 showed the enhanced spectral efficiency (SE) of PD-NOMA. Addition-
ally, a similar network architecture was considered, where the authors demonstrated a performance increase through the
implementation of relay-assisted PD-NOMA networks.11 These results suggested the benefits of using relaying methods
in PD-NOMA networks for Internet-of-Things (IoT) applications. In CD-NOMA, different users are assigned different
codes, and are then multiplexed over the same time-frequency resources. The most popular type of CD-NOMA is the
sparse code multiple access (SCMA), where multiple users are allocated with different sparse codewords and a message
passing algorithm can be used to realize multi-user detection.12,13 For example, Farhadi Zavleh et al14 investigated code-
book assignment and power allocation for a SCMA-based cloud radio access network. Further, the same authors15 studied
a three-step resource allocation algorithm to achieve the maximum total sum rate subject in SCMA-based network. The
main difference between PD-NOMA and CD-NOMA is the fact that the latter can achieve better system performance at
the cost of increased signal bandwidth and receiver complexity. The SCMA-based receiver usually has higher complexity
than a SIC-based PD-NOMA receiver.16 Hence, we consider the downlink PD-NOMA method in our article and refer as
the NOMA henceforward throughout the article.

1.1.2 Cooperative networks and energy harvesting

The cooperative network was first defined as a network architecture,17 where the node’s resources are deliberately spent
to deliver the information to end-users via multiple mutually independent channels by forming a spatial diversity. Ding
et al18 and Liu et al19 considered several NOMA applications in cooperative networks. For instance, in the former work,18

the authors showed the improvement of outage probability (OP) in cooperative NOMA with respect to its non-cooperative
counterpart. Similarly, in the latter,19 the authors demonstrated that the performance of cooperative NOMA is supe-
rior in comparison to non-cooperative NOMA under different user selection methods. The network cooperativeness is
widely applicable to the scenarios, when transmission sessions are susceptible to a fading phenomenon and the nodes
are deployed with single antennas without capabilities of beamforming. Furthermore, the applications, for example,
IoT, biomedical sensors and surveillance, are subject to energy constraints due to being battery-powered, which can be
addressed by incorporating wireless power transfer techniques.

Having said this, it is pertinent to note that one of the candidates to resolve the energy scarcity is simultaneous wire-
less information and energy transfer (SWIPT). Its core idea was introduced in the work of Varshney,20 and the most
popular two methods for energy harvesting (EH) are the power-splitting relaying (PSR)21,22 and time-switching relaying
(TSR)23 protocols. These protocols are maintained via partitioning the available resources in power and time domains.
For example, Xu et al21 showed that the SE of cooperative SWIPT-enabled NOMA networks is superior compared to the
other transmission architectures, such as non-cooperative NOMA and OMA at low transmit power scenarios. Further-
more, they revealed that, unlike SWIPT-enabled cooperative NOMA, the achievable data rate of a relaying user degrades
significantly in non-cooperative NOMA, as the target rate of an end-user increases. Moreover, Yang et al24 revealed that
cooperative NOMA with SWIPT outperforms its OMA counterpart in terms of the outage probability under certain power
allocation (PA) factors.

1.1.3 Generalized fading models

The wireless medium available for communication purposes by mobile nodes undergoing dense deployment is often char-
acterized by Rayleigh fading channels due to the present scattering and reflections.25 At the same time, to devise plant
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application scenarios, Johansson et al26 considered the Rayleigh fading to quantify the performance of a system model
with an ultra-reliable and low-latency communication. On the other hand, the effects of LoS and non-line-of-sight (NLoS)
signals can be taken into account using Rician fading for visible light communications (VLC) networks.27,28 Pan et al29

considered the system model incorporating the RF and VLC communication and applied the Rician model due to the
uncertainty in nodes’ positions. Furthermore, the Nakagami-m and Weibull were suggested as propagation models for
the theoretical evaluation of communication performance on the 800-900 MHz range.30 The vehicle-to-vehicle commu-
nication was described by a means of Weibull fading,31 where the small-scale fading was described by encountering an
urban environment. Similarly, small-scale Nakagami-m fading is often exploited to consider multipath clusters in many
applications, for example, mmWave communication.32

1.1.4 Residual hardware impairments (HIs)

Schenk33 proved the importance of considering the imperfections related to hardware of radio-frequency (RF)
transceivers, especially, when operating with high-frequency signals. Although some algorithms are developed to com-
bat the effect of HIs, certain types of HIs cannot be fully suppressed.34 In Reference 35, the authors analyzed the two-hop
network performance under different relaying architectures, where residual HIs at all nodes were considered. It high-
lighted the HIs level parameters applicable to a real-world scenarios and estimated the performance metrics such as
ergodic capacity and outage probability. In References 36,37, a two-hop relaying network was studied, where the authors
considered the HI effect, called quadrature and in-phase imbalance, at the RF front-ends of amplify-and-forward (AF)
relays. They quantified the performance through outage probability and used the complex Gaussian statistic to describe
the combined effect of HIs. A similar way of describing HIs and network design was implemented.38 Having all the
mentioned above, it is clear that considering the hardware impairments during the network performance evaluation is
essential.

1.2 Motivation and main contributions

The information sent over wireless medium are exposed to various channel realizations described by various statistical
models. In References 39-41, the authors provided the performance results for dual-hop cooperative NOMA over Rayleigh
and Weibull channels, respectively. Moreover, outage probability and ergodic capacity performance of the SWIPT-enabled
cooperative NOMA system were studied in Reference 42, where the channel was modeled as Nakagami-mfading. Further,
Kumar et al43 and Arzykulov et al44 analyzed the performance of two-hop cooperative NOMA networks, where they
expressed the wireless channels through a generalized 𝛼 − 𝜇 fading model. In contrast to References 41,43, this article
uses the generalized 𝛼-𝜅-𝜇 fading model to estimate the performance of two-hop cooperative NOMA, which includes
𝛼 − 𝜇, 𝜅 − 𝜇, Rice, Rayleigh, Weibull and Nakagami-m fading models as its special cases. Additionally, the authors in
the latter work43 assumed a constant power source at the cooperative agent and omitted the hardware imperfections.
Similarly, another work45 applied generalized 𝛼 − 𝜂 − 𝜇 fading to simulate the channel properties but focused on the
perfect network conditions. Moreover, there is no compound consideration of the transmit SNR, the channel conditions,
imperfect SIC and HI’s level of transceivers to identify the optimal energy harvesting protocol for a cooperative relaying
agent. Therefore, to obtain a more practical performance evaluation of the two-hop cooperative NOMA networks, the
impact of imperfect SIC and transceiver HI level will be studied in this article.

The key contributions of this work are as follows:

• The expressions of the outage probability and ergodic capacity are derived for dual-hop cooperative NOMA over a
generalized 𝛼-𝜅-𝜇 fading model, while considering the HI level of transceivers. The derived analytical expressions
demonstrate the advantage of cooperative NOMA over its orthogonal multiple access (OMA) counterpart. Moreover,
the correctness of findings are verified via thorough Monte-Carlo simulations.

• The derived expressions for the outage probability and ergodic capacity account for the non-homogeneity of fading
channels represented through specific cases of 𝛼-𝜅-𝜇 generalized model, which signify that the transmitted message
is exposed to diverse channel properties described by various statistical models during the whole transmission time
block.
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T A B L E 1 Nomenclature

Parameter Value Parameter Value Parameter Value

Source S HI level Υj Distance between nodes d

NOMA user i Ui HI level variance ∍2
j SNR-associated rate threshold vi

NOMA message xi Multipath clusters 𝜇 Power ratio of the LoS and scattered signals 𝜅

PA factor 𝛼i AWGN ni Modified Bessel function of the 𝜈th order I𝜈(⋅)

Channel coefficient h AWGN variance 𝜎2
i End-to-end data transmission time T

Transmit power at S PS Expectation operator E[⋅] TSR or PSR indicator p

Path-loss coefficient 𝜏 Amplification factor Gp Energy harvesting efficiency 𝜛

Ergodic capacity Cerg Rate threshold th,i Time portion for harvesting 𝜂

SINDR at Ui 𝛾Ui
PDF of RV X fX (⋅) Power portion for harvesting 𝜌

Probability Pr[⋅] CDF of RV X FX (⋅) Imperfect SIC parameter 𝜍

• To obtain valuable insights from the analytical findings, their asymptotic behavior is studied for the OP expressions
over a generalized 𝛼-𝜅-𝜇 fading model.

• The analytical expressions obtained for the outage probability and ergodic capacity can describe the effect of multiple
system parameters, such as distances, EH factors, imperfect SIC and HI level on the network performance of cooper-
ative NOMA. This allows one to deduce the communication performance explicitly to certain system characteristics
and environmental factors described by 𝛼, 𝜅, and 𝜇 parameters.

1.3 Notations and article organization

Notation: The following notations are applied to the rest of the article. The Gamma and lower incomplete Gamma func-
tions are defined as Γ(a) = ∫ ∞

0 ta−1e−tdt, as in eq. (8.310.1),46 and 𝛾(a, x) = ∫ x
0 ta−1e−tdt, as in eq. (8.350.1),46 accordingly.

The Meijer’s G-function is denoted by Gm,n
p,q

(
z
||||(ap)
(bq)

)
, as in eq. (5),47 and Δ(k, a) = a

k
,

a+1
k
, .... ,

a+k−1
k

, as in eq. (22).47

Also, all parameters defined in this article are presented in Table 1.
Organization: The article’s remainder is structured as follows. Section 2 introduces the cooperative NOMA network,

while Sections 3 and 4 present the analysis of ergodic capacity and outage probability over the generalized fading model,
accordingly. Section 5 presents the results for a variety of channel and HI parameters and supports them with simulations.
Finally, Section 6 concludes and briefly summarizes the work findings.

2 SYSTEM AND CHANNEL MODELING

2.1 System topology

Consider a cooperative NOMA network depicted in Figure 1, comprising the source (S) and two receiver nodes, denoted
by U1 and U2, where U1 plays a role of a cooperative agent working in the AF mode. The nodes are assumed to be deployed
with single antennas and operate in the downlink half-duplex regime. Exploiting the NOMA principle, S transmits a
compound message xs =

∑
i
√

aiPSxi, where PS is the transmit power at S; ai and xi denote the PA factor and correspond-
ing message designated to a certain receiver i, respectively. For the considered network scenario, we assume that the
channel are given by h1 > h2 due to a relatively close proximity of S to U1. Therefore, the PA coefficients are set to be
as a1 < a2 following the power-domain NOMA approach. The S-to-U1, U1-to-U2 and S-to-U2 channel links* are given by
the independent RVs h1, h2, and h3, respectively; the respective distances are denoted by d1, d2, and d3, accordingly. To
enhance its performance, U2 deploys a maximum ratio combining (MRC) technique, which operation requires perfect
CSI allowance.
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F I G U R E 1 An illustration of the considered two-hop cooperative NOMA, where solid and dashed lines indicate the direct and
cooperative links, respectively

In this work, the channel state fluctuations are defined using the generalized 𝛼-𝜅-𝜇† fading model, with PDF

fhi(r) =
𝛼i𝜅

1−𝜇i
2

i 𝜇i(1 + 𝜅i)
1+𝜇i

2

e𝜇i(𝜅i+r𝛼i+𝜅ir𝛼i)
r

𝛼i(1+𝜇i)
2

−1I𝜇i−1

(
2𝜇i

√
𝜅i(1 + 𝜅i)r

𝛼i
2

)
, (1)

where 𝜅 is the power ratio of the LoS and scattered signals while 𝜇 and 𝛼 are the multipath clusters and non-linearity
parameter, accordingly. I𝜈(⋅) indicates the modified Bessel function50 of the 𝜈th order and first kind.

This article studies the impact of residual HIs observable at the transceivers’ front-ends. Each link is charac-
terized by the compound HI level, denoted by Υj, with j = {s,u1;u1,u2; s,u2}, which is modeled via the complex
Gaussian statistics, with variance ∍2

j ≜ ∍2
j,t +∍2

j,r (t and r stand for the transmitter’s and receiver’s HIs levels) and
zero-mean.33

2.2 Transmission protocols

Due to the radio broadcast transmission, both users of interest observe the superpositioned NOMA signal as

yi =
√

PS

d𝜏
s,ui

hs,ui

(∑
∀j

√
ajxj + Υs,ui

)
+ ni, ∀i ∈ {1, 2}, (2)

where ni denotes the additive white Gaussian noise (AWGN) term at Ui, with variance 𝜎2
i and zero-mean. 𝜏 indicates the

path-loss coefficient. Moreover, U2 obtains another message’s replica from the direct link and decodes its own message
x2 using the signal-to-interference-plus-distortion-plus-noise ratio (SINDR) given by

𝛾
{x2}
U2

= e1Z
e2Z + e3

, (3)

where Z = |h3|2, e1 = a2, e2 = a1 + ∍2
s,u2

, and e3 = 𝜎2
2 d𝜏

3

Ps
.

The overall time required for an end-to-end data transmission is denoted by T. To be more specific, in the PSR, this
time is split into two equal parts. The respective first time slot is devoted to the S-to-U1 transmission, where U1 harvests
the power portion, given by 𝜌PS, to be used further in the next time slot. The remaining power, that is, (1 − 𝜌)PS, is needed
for message decoding purposes. The second time slot is used by U1 to amplify and then forward the required message to
U2 using the harvested energy. For the TSR case, considering the same T, the time portion 𝜂T (0 ≤ 𝜂 ≤ 1) is designated
for energy harvesting. Moreover, the remaining time is evenly divided to organize the S-to-U1 and U1-to-U2 transmission
sessions.
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For energy harvesting purposes, the PSR protocol exploits the portion of the received signal given by

√
𝜌y1 =

√
𝜌PS

d𝜏
1

h1

(∑
∀j

√
ajxj + Υs,u1

)
+

√
𝜌n1. (4)

Thus, the harvested energy‡ is then decided as

EH
p = Rp

(
PS|h1|2 (1 + ∍2

s,u1

)
d−𝜏

1 + 𝜎2
1
)
, (5)

where p is an indicator denoting either TSR or PSR. 0 ≤ 𝜛 ≤ 1 denotes the energy harvesting efficiency. Fur-
thermore, by disregarding the noise-induced energy, (5) can be made simpler, and the power available for con-
secutive time slots is defined as PR

p =
EH

p

HpT
and shown in Table 2. Additionally, the information decoding is

processed using the remaining portion of an incoming signal, given by yIT
1 =

√
1 − 𝜌y1 + nc, where nc is the

AWGN term.
Recalling NOMA, U1 can perform SIC as follows: it first decodes stronger message x2, subtracts it and then processes

own data x1 via the utilization of a signal-to-distortion-plus-noise ratio (SDNR) expressed as

𝛾
{x1}
U1

= b1X
b2X + b3

, (6)

where X = |h1|2, and the other important variables related to both protocols are drawn in Table 2. Note that U1 only
performs SIC, and the impact of imperfect SIC is therefore defined by 𝜍,52 that is, 𝜍 = 0, 0 < 𝜍 < 1, and 𝜍 = 1 indicate the
perfect SIC, imperfect SIC, and no SIC cases, respectively.

During the last time slot, U2 receives the signal forwarded by U1 as

y1→2 =
Gph2√

d𝜏
2

(
Dp (y1 − n1) + np + Υu1,u2

)
+ n2, (7)

where Dp = {1;
√

1 − 𝜌} for the TSR and PSR, respectively. Gp denotes the amplification factor. Assuming

the high signal-to-noise ratio (SNR) regime, this factor can be simplified as Gp =
√

PR
p

Wp
, where Wp≡PSR = (1 −

𝜌)
(

Ps
(
1 + ∍2

s,u1

)
d−𝜏

1 |h1|2 + 𝜎2
1
)
+ 𝜎2

c , Wp≡TSR =
(

1+∍2
s,u1

)
PS

d𝜏
1

|h1|2 + 𝜎2
1 and PR

p along with np are shown in Table 2.
Furthermore, substituting these definitions into (7), message x2 can be decoded using the SINDR given by

𝛾
{x2}
U1→2

= c1XY
c2XY + c3Y + c4

, (8)

where Y = |h2|2, and the variables c1, c2, c3, and c4 are shown in Table 2.

T A B L E 2 The variables in (6) to (8) for both PSR and TSR protocols

Hp np Rp PR
p Gp b1

PSR 1∕2
√

1 − 𝜌n1 + nc 0.5𝜛𝜌T 𝜛𝜌PSd−𝜏
1

(
1 + ∍2

s,u1

) |h1|2
√

𝜛𝜌

1−𝜌
a1

TSR (1 − 𝜂)∕2 𝜛𝜂T n1
2𝜛𝜂PS

(
1+∍2

s,u1

)
(1−𝜂)d𝜏

1
|h1|2

√
2𝜛𝜂

1−𝜂
a1

b2 b3 c1 c2 c3 c4

PSR ∍2
s,u1

+ 𝜍a2
d𝜏

1
PS

(
𝜎2

1 + 𝜎2
c

1−𝜌

)
a2 a1 + ∍2

s,u1

d𝜏
1

PS

(
𝜎2

1 +
𝜎2

c +∍
2
u1 ,u2

(1−𝜌)

)
d𝜏

1d𝜏
2𝜎

2
2

𝜛𝜌PS

TSR ∍2
s,u1

+ 𝜍a2
d𝜏

1𝜎
2
1

PS
a2 a1 + ∍2

s,u1

d𝜏
1

PS

(
𝜎2

1 + ∍2
u1 ,u2

) 𝜎2
2

PS

d𝜏
1d𝜏

2(1−𝜂)
2𝜛𝜂
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3 OUTAGE PERFORMANCE

The outage event is declared at Ui if its achievable data rate falls lower than a pre-defined rate threshold, denoted by th,i,
and can be written as

Pout,i = Pr
[
𝛾
[eff]
Ui

< vi

]
, (9)

where vi = 2
th,i
Hp − 1 stands for a predefined SNR-associated rate threshold, and 𝛾

[eff]
Ui

denotes the resultant SINDR
at Ui.

The outage performance of U1 is defined as

Pout,1 = Pr
[
𝛾
[eff]
U1

< v1

]
= Pr

[
X <

v1b3

b1 − v1b2

]
=

m∞∑
m=0

(𝜇1𝜅1)m𝛾

(
𝜇1 + m,Φ1

(
v1b3

b1−v1b2

) 𝛼1
2

)
m!Γ(𝜇1 + m)e𝜇1𝜅1

, (10)

where Φi = 𝜇i(1 + 𝜅i), and fX (x) is found in Appendix A.
The outage performance of U2 can be refined by a means of MRC by incorporating both signals arriving via direct and

relay links as

Pout,2 = Pr
[
𝛾
[eff]
U2

< v2

]
= Pr [W1 + W2 < v2] =

∞

∫
0

v2−w1

∫
0

fW1,W2(w1,w2)dw2dw1 =

∞

∫
0

FW2(v2 − v)fW1(v)dv, (11)

where W1 = e1Z
e2Z+e3

and W2 = c1XY
c2XY+c3Y+c4

. Moreover, FW2 is the cumulative distribution function (CDF) of W2 and
fW1,W2(w1,w2) is the joint PDF of W1 and W2. After several algebraic manipulations shown in Appendix B,

we obtain the expression shown in (12), where A = 𝛼2𝜇
2n+𝜇2
2 𝜅n

2 (1+𝜅2)n+𝜇2

2n!Γ(n+𝜇2)e𝜇2𝜅2
, K2 = Φ2

(
Φ1𝛼1
𝛼2

) 𝛼2
2

(
c4c

𝛼1
2
−1

3

) 𝛼2
2

, and F2 =

c
𝛼2 (𝜇2+n)

2
4

√
2
𝛼2

(2𝜋)
𝛼2
4 −0.5

c
𝛼1p

2
+ (𝛼1−2)(𝛼2 (𝜇2+n)−2s)

4
3

(
Φ1𝛼1
𝛼2

) 𝛼2 (𝜇2+n)
2

−s
.

Pout,2 = 1 −
n∞∑
n=0

m∞∑
m=0

A(𝜇1𝜅1)m

m!e𝜇1𝜅1

𝜇1+m−1∑
p=0

(Φ1)p

p!

𝛼1p
2∑

s=0

𝛼1p
2
!F2

( 𝛼1p
2

− s)!s!
Φ𝜇3

3
e1𝛼3𝜇3

√
𝜅3(1 + 𝜅3)

2
(
𝜇3

√
𝜅3(1 + 𝜅3)

)𝜇3

×

∞

∫
0

(
v2 − v

c1 − (v2 − v)c2

) 2𝛼1 (p−s)+𝛼1𝛼2 (𝜇2+n)+4s
4

(
e3v

e1 − e2v

) 𝛼3 (𝜇3+1)
4

e
−

(
Φ1

(
(v2−v)c3

c1−(v2−v)c2

) 𝛼1
2 +𝜅3𝜇3+Φ3

(
e3v

e1−e2v

) 𝛼3
2
)

×
I𝜇3−1

(
2𝜇3

√
𝜅3(1 + 𝜅3)

(
e3v

e1−e2v

) 𝛼3
4

)
v(e1 − e2v)

G
𝛼2
2
+1, 0

0, 𝛼2
2
+1

⎛⎜⎜⎝K2

(
v2 − v

c1 − (v2 − v)c2

) 𝛼1𝛼2
4

||||||
− , −

0, Δ
(

𝛼2
2
, s − 𝛼2(𝜇2+n)

2

)⎞⎟⎟⎠ dv (12)

To the best of the authors’ knowledge, the integral in (12) does not have a closed-form solution. However, in order to
obtain useful insights on the system performance, it is crucial to consider a simplified performance evaluation. Therefore,
using min(a, b) < a+b

2
, Pout,2 can be lower-bounded as

PLB
out,2 = Pr

[
min(𝛾U2 , 𝛾U1→2) <

v2

2

]
= 1 − Pr

[
min(𝛾U2 , 𝛾U1→2) >

v2

2

]
= 1 − Pr

[
𝛾U2 >

v2

2

]
Pr

[
𝛾U1→2 >

v2

2

]
= 1 − (1 − D1) (1 − D2) , (13)

where D1 = Pr
[
𝛾U2 < 0.5v2

]
and D2 = Pr

[
𝛾U1→2 < 0.5v2

]
can be respectively defined by
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8 of 23 NAURYZBAYEV et al.

D1 = Pr
[
𝛾U2 < 0.5v2

]
= Pr

[
Z <

0.5v2e3

e1 − 0.5v2e2

]
=

0.5v2e3
e1−0.5v2e2

∫
0

fZ(z)dz, (14)

D2 = Pr
[
𝛾U1→2 < 0.5v2

]
= Pr

[
X <

𝜙1

Y
+ 𝜙2

]
=

∞

∫
0

fY (y)

𝜙1
y
+𝜙2

∫
0

fX (x)dxdy, (15)

where 𝜙1 = 0.5v2c4

(c1−0.5v2c2) and 𝜙2 = 0.5v2c3

(c1−0.5v2c2) .
Following the derivation steps drawn in Appendix B, the lower-bound OP expression can be expressed in its

closed-form, as in (16), at the top of this page, with F =
e−Φ1𝜙

𝛼1
2

2
√

2
𝛼2

(2𝜋)
𝛼2
4 −0.5

(
Φ1𝜙

𝛼1
2 −1

2 𝜙1𝛼1

𝛼2

) 𝛼2 (𝜇2+n)
2

−s

and K = Φ2

(
Φ1𝜙

𝛼1
2 −1

2 𝜙1𝛼1

𝛼2

) 𝛼2
2

. It

is worthwhile noting that 𝛼1 and 𝛼2 should be even numbers. Additionally, the derivation of an asymptotic high-SNR
expression for the lower-bound outage probability is shown in Appendix C.

Remark. Note that the expressions in (12), (16), (18), and (21) converge to a finite number for the summations comprising
the first 20 terms for variables m∞ and n∞, that is, m∞ = n∞ = 20.

PLB
out,2 = 1 −

⎡⎢⎢⎢⎣1 −
m∞∑
m=0

(𝜇3𝜅3)m𝛾
(
𝜇3 + m,Φ3(

0.5v2e3

e1−0.5v2e2
)
𝛼3
2

)
m!Γ(𝜇3 + m)e𝜇3𝜅3

⎤⎥⎥⎥⎦
×
⎡⎢⎢⎢⎣

n∞∑
n=0

m∞∑
m=0

A(𝜇1𝜅1)m

m!e𝜇1𝜅1

𝜇1+m−1∑
p=0

(Φ1)p

𝜙
− 𝛼1p

2
1 p!

𝛼1p
2∑

s=0

𝛼1p
2
!
(

𝜙2
𝜙1

) 𝛼1p
2
−s

F

( 𝛼1p
2

− s)!s!
G

𝛼2
2
+1, 0

0, 𝛼2
2
+1

⎛⎜⎜⎝K
||||||

− , −
0, Δ

(
𝛼2
2
, s − 𝛼2(𝜇2+n)

2

)⎞⎟⎟⎠
⎤⎥⎥⎥⎦ (16)

4 ERGODIC CAPACITY

Similar to Reference 53, the ergodic capacity expression for the direct S-to-U2 link is defined as

C
𝛾U2
erg =

∞

∫
0

Hp log2
(
1 + 𝛾U2

)
f𝛾U2

d𝛾U2 . (17)

Proposition 1. The ergodic capacity expression related to the direct S-to-U2 link is defined as in (18), where E = e1 + e2,

𝜁3 = 𝛼3(𝜇3+c)
2

and D = 𝛼3𝜇
2c+𝜇3
3 𝜅c

3(1+𝜅3)c+𝜇3

2c!Γ(c+𝜇3)e𝜇3𝜅3
. It is worthwhile noting that 𝛼3 should be an even number.

Proof. See Appendix D.0.1. ▪

C
𝛾U2
erg =

Hp

ln(2)

⎡⎢⎢⎢⎢⎣
c∞∑
c=0

D

(
e3

E

) 𝛼3(𝜇3+c)
2 2

𝛼3

(2𝜋)
𝛼3
2
−1

G
𝛼3+1, 𝛼3

2
𝛼3, 𝛼3+1

(
Φ3

(e3

E

) 𝛼3
2 |||Δ( 𝛼3

2
,−𝜁3), Δ(

𝛼3

2
, 1 − 𝜁3)0, Δ(

𝛼3

2
,−𝜁3), Δ(

𝛼3

2
,−𝜁3)

)

−
c∞∑
c=0

D

(
e3

e2

) 𝛼3(𝜇3+c)
2 2

𝛼3

(2𝜋)
𝛼3
2
−1

G
𝛼3+1, 𝛼3

2
𝛼3, 𝛼3+1

⎛⎜⎜⎝Φ3

(
e3

e2

) 𝛼3
2
|||||||
Δ
(

𝛼3

2
,−𝜁3

)
, Δ

(
𝛼3

2
, 1 − 𝜁3

)
0, Δ

(
𝛼3

2
,−𝜁3

)
, Δ

(
𝛼3

2
,−𝜁3

)⎞⎟⎟⎠
⎤⎥⎥⎥⎥⎦

(18)

Similarly, the general ergodic capacity expression for the U1-to-U2 link is

C
𝛾U1→2
erg =

∞

∫
0

Hp log2
(
1 + 𝛾U1→2

)
f𝛾U1→2

d𝛾U1→2 . (19)
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NAURYZBAYEV et al. 9 of 23

Due to the complexity an exact SINDR of the U1-to-U2 link, the ergodic capacity evaluation is infeasible. Thus, the
following approximation is applied to as follows

𝛾U1→2 =
c1XY

Yc3

(
c2
c3

X + 1
)
+ c4

≈ c1XY
c2XY + c4

, (20)

where c3 → 0 due to the high-SNR regime.

Proposition 2. For the U1-to-U2 link, the ergodic capacity expression can be expressed as in (21), where c5 = c1 + c2,

B = 𝛼1𝜇
2m+𝜇1
1 𝜅m

1 (1+𝜅1)m+𝜇1

2m!Γ(m+𝜇1)e𝜇1𝜅1
, 𝜉 = 𝛼(𝜇2+n+𝜇1+m)

4
,Λ = 4

𝛼

(
Φ1
Φ2

) 𝜇2+n−(𝜇1+m)
2 , and 𝛽 = 𝛼(𝜇2+n+𝜇1+m)

4
. It is worthwhile noting that 𝛼 = 𝛼1 = 𝛼2

should be an even number.

Proof. See Appendix D.0.2. ▪

C
𝛾U1→2
erg,Apr =

Hp

ln(2)

⎡⎢⎢⎢⎣
m∞∑
m=0

B
n∞∑
n=0

AΛ

(
c4
c5

)𝛽

𝛼(2𝜋)
𝛼

2
−1

G
𝛼+2, 𝛼

2
𝛼, 𝛼+2

(
Φ1Φ2

(
c4

c5

) 𝛼

2
||||||

Δ( 𝛼
2
,−𝜉), Δ( 𝛼

2
, 1 − 𝜉)

𝜇2+n−(𝜇1+m)
2

,
𝜇1+m−(𝜇2+n)

2
, Δ( 𝛼

2
,−𝜉), Δ( 𝛼

2
,−𝜉)

)

−
m∞∑
m=0

B
n∞∑
n=0

AΛ

(
c4
c2

)𝛽

𝛼(2𝜋)
𝛼

2
−1

G
𝛼+2, 𝛼

2
𝛼, 𝛼+2

(
Φ1Φ2

(
c4

c2

) 𝛼

2
||||||

Δ( 𝛼
2
,−𝜉), Δ( 𝛼

2
, 1 − 𝜉)

𝜇2+n−(𝜇1+m)
2

,
𝜇1+m−(𝜇2+n)

2
, Δ( 𝛼

2
,−𝜉), Δ( 𝛼

2
,−𝜉)

)⎤⎥⎥⎥⎦ (21)

Hence, U2 achieves the total ergodic capacity that can be calcaluated as

CU2
erg = C

𝛾U1→2
erg + C

𝛾U2
erg . (22)

5 RESULTS DISCUSSION

In this section, we quantify the performance of the considered system model with imperfect hardware over a generalized
𝛼 − 𝜅 − 𝜇 fading model. We assume that the system parameters (which mainly follow the works54-56) are defined as in
Table 3§, unless stated otherwise.

Note that the analytical findings for the lower-bound outage probability are discussed and supported by thorough
Monte-Carlo simulation,18,24 with 107 iterations.

Figure 2 presents the ergodic capacity results vs the energy harvesting factors 𝜌∕𝜂 at the transmit SNR of 50 dB. When
the EH-aimed amount of power is too small or too much, the capacity metric deteriorates. From the plot, one can deduce
that 𝜂 = 0.07 and 𝜌 = 0.91 are optimal values for the TSR and PSR protocols, respectively. These factors keep being valid
for a range of cases with different external conditions. Thus, the aforementioned values of 𝜌 and 𝜂 are used in all the next
simulation results.

Figure 3 illustrates some results on the PSR-based outage probability of U2 over Weibull and Rayleigh fading chan-
nels for the OMA and NOMA scenarios, when ∍ = 0.2. It includes the Monte-Carlo simulation results for the exact and
lower-bounded outage probabilities, where, at the high-SNR values, the lower-bound OP curves tend towards the exact
OP. For example, considering the Rayleigh (𝛼 = 2, 𝜅 = 0, 𝜇 = 1) fading channels, the OP of 10−1 can be obtained at the
transmit SNR values of 30 and 39 dB for the exact and lower-bound OP curves, respectively. However, the OP of 10−3 is

T A B L E 3 System parameters

Distances, m EH efficiency, 𝝕 PSR factor, 𝝆 Path-loss exponent, 𝝉

d1 = 2.1, d2 = 1.1, d3 = 3.1 0.8 0.91 2.7

PA coefficients HI levels’ range, ∍ TSR factor, 𝜂 Rate threshold, v, dB

a1 = 0.2, a2 = 0.8 {0.05, 0.15} 0.07 3
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10 of 23 NAURYZBAYEV et al.

F I G U R E 2 The ergodic capacity vs 𝜌∕𝜂 for the PSR and TSR at the transmit SNR of 50 dB for various ∍

F I G U R E 3 The outage probability vs the transmit SNR for the OMA, NOMA and high-SNR cases, when ∍ = 0.2

reached at the transmit SNR values of 54 and 60 dB for the exact and lower-bound OP simulation results, respectively.
The proposed NOMA network scenario aims at delivering desired information to designated receivers over two time slots;
however, its OMA counterpart needs to allocate three time slots. Having this in mind, Figure 3 demonstrates a notice-
able difference in the OP results for the NOMA and OMA cases over all considered fading types. The OMA-based results,
in general, are characterized by the worse performance. Moreover, one can observe that the high-SNR approximated OP
curves are in good agreement with the OP results. Figure 3 supports the claim mentioned earlier, that increasing 𝛼 param-
eter improves the outage performance. This becomes apparent through a comparison of the results for the exact and
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NAURYZBAYEV et al. 11 of 23

lower-bound OP over Rayleigh (𝛼 = 2, 𝜅 = 0, 𝜇 = 1) and Weibull (𝛼 = 4 and 𝛼 = 6, 𝜅 = 0, 𝜇 = 1) channels. Note that the
lower-bound OP curves change in a similar pattern as the exact ones as 𝛼 changes.

Similarly, Figure 4 shows the outage probability of U2 under low and high HI levels over the generalized fading model.
The analytical results are in good match with the Monte-Carlo ones. Such an observation successfully validates the ana-
lytical findings. Generally, the performance degradation is noticed for all channel realizations as the HI degree increases.
It is important to note that the HI effect is more harsh, when the fading parameters 𝛼, 𝜅, and 𝜇 increase. It implies the
stronger correlation between the OP performance degradation and increase in HIs for the PSR rather than for the TSR.
Additionally, the optimal protocol in terms of better outage probability performance changes over a range of parameters

F I G U R E 4 The outage probability vs the transmit SNR, when ∍ = {0.05, 0.15}

F I G U R E 5 The outage probability vs the SNR-associated rate threshold at the transmit SNR of 39 dB, when ∍ = {0.05, 0.15}
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12 of 23 NAURYZBAYEV et al.

such as the channel conditions, HIs level, and the transmit SNR. For example, at a low HI level (∍ = 0.05), the PSR is supe-
rior over the whole transmit SNR range and channel conditions. However, when a high HI level (∍ = 0.15) is introduced,
the TSR shows better performance up to 35 and 40 dB of the transmit SNR under Rayleigh and Nakagami-m channel
fading models, respectively.

Figure 5 depicts the outage probability at the transmit SNR of 39 dB vs the pre-defined rate threshold for different
fading models and under the PSR and TSR protocols. The increase of HI is noticed to have a more severe impact on the
outage probability under the PSR protocol than the TSR. Although the considered network’s performance is better under
the PSR protocol at a low HIs level, the TSR illustrates a superior performance at a high HIs level. For clarity purposes, the
values of parameters 𝛼 and 𝜇 are left unchanged and 𝜅 is intentionally chosen to have different values. For both PSR and
TSR, increasing 𝜅 parameter improves the outage probability. Overall, as it is expected, the outage performance degrades
as the pre-defined SNR-based rate threshold goes up.

Figure 6 demonstrates the outage probability under different parameters of HIs levels and 𝜇 for generalized fading
model over the TSR protocol. Interestingly, the figure shows that the increase in the HI level has a different effect on
the performance concerning the channel conditions. For example, the outage probability degradation due to the increase
of HI from 0.05 to 0.15, is more severe at 𝜇 = 4 than at 𝜇 = 2. Moreover, the change of 𝜇 has a different effect on the
performance. When the number of multipaths changes from 𝜇 = 4 to 𝜇 = 3, the degradation of the outage probability is
less in comparison with the change from 𝜇 = 3 to 𝜇 = 2. The results suggest that 𝜇 has a more considerable impact on
the outage probability rather than ∍. Increasing the 𝜇 decreases the outage probability due to the availability of multiple
signal replicas at the receiver site. However, at the transmit SNR up to 25 dB, the outage probability at ∍ = 0.05 and 𝜇 = 3
is better than that at ∍ = 0.15 and 𝜇 = 4.

Next, in Figure 7, we demonstrate the outage results achievable by U1 (the only user that performs SIC) built vs a SIC
error factor for the PSR and TSR protocols. The transmit SNR is fixed at 45 dB. Once can observe that the perfect hardware
scenario, that is, 𝜍 = 0, reveals that the TSR outperforms its considered counterpart and it lasts up to approx. 𝜍 = 0.2. At
this intersection point, the PSR starts prevailing and the corresponding performance deterioration rate is lower than the
one of the TSR. On the other hand, for the scenarios of compounded hardware and SIC impairments, it is apparent that
this intersection happens at lower SIC error factors, as expected. This observation shows that, at low SIC region, it is more
reasonable to deploy the TSR protocol if extreme low outage performance is required. However, if such requirement is not
mandatory, then it is more appropriate to exploit the PSR protocol as it provides more robust performance degradation,
that is, the outage slope rate is relatively lower.

F I G U R E 6 The outage probability vs the transmit SNR for the TSR protocol with various 𝜇 and ∍ parameters
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NAURYZBAYEV et al. 13 of 23

Figure 8 plots the average throughput vs the transmit SNR at v = 3 dB. Similar to the outage probability, the through-
put degrades when ∍ increases. Due to the considered system model and NOMA concept, the throughput saturates for
all network scenarios. For comparison purposes, the values of ∍ = {0.05, 0.1, 0.15} are considered for the PSR and TSR
protocols to evaluate the throughput over Rayleigh channels. The results suggest that increasing the HI level decreases
the average throughput at the same rate for both protocols. Overall, the optimal protocol in terms of higher throughput
characteristics varies over a range of HI values. For example, the TSR protocol is preferred at the transmit SNR of up to
22, 27, and 32 dB for the HI levels of 0.05, 0.1, and 0.15, respectively. Otherwise, the PSR protocol shows higher average

F I G U R E 7 The outage performance of U1 vs the SIC error factor, when the transmit SNR equals 45 dB

F I G U R E 8 The average throughput vs the transmit SNR, when ∍ = {0.05, 0.1, 0.15}
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14 of 23 NAURYZBAYEV et al.

throughput. The minimum throughput saturation of around 2.2 and 2.05 bps/Hz are observed at ∍ = 0.15 for the PSR
and TSR, respectively. Simultaneously, the throughput at low HIs saturates at around 2.35 and 2.15 bps/Hz for the PSR
and TSR, accordingly. Due to the NOMA constraints, after certain transmit SNR, the effect of interference in (3) and (8)
starts to fade, while the increase in the transmit SNR becomes less influential. As a result, the saturation happens as these
expressions start depending on b1

b2
and c1

c2
, accordingly.

Figure 9 shows the ergodic capacity for different channel conditions over both protocols and low HI cases. For the
entire range of transmit SNR and corresponding channel conditions, the PSR protocol demonstrates better performance
than the TSR. Increasing 𝜇 improves both protocols’ overall performance while having a more significant effect on the
increase of the ergodic capacity for the TSR. The NOMA constraints can explain both protocols’ performance saturation,
where the PSR and TSR scenarios saturate at around 2.3 and 2.16 bps/Hz, respectively. The investigation of the results
suggests that the applied approximation works better for the TSR protocol case rather than the PSR as the results for the
TSR closely follow the simulation.

Similarly, Figure 10 demonstrates the impact various HI quality levels on the average capacity over Rayleigh fading. For
both protocols, the capacity performance degrades as the HI quality reduces. Overall, the ergodic capacity performance
degrades more severely due to HIs under the PSR protocol. Interestingly, the effect of increasing HIs level on capacity
is more significant at the high SNR values. Additionally, for comparison purposes, the capacity plots are shown for the
OMA system as well, illustrating the better performance of the NOMA up to 30 dB under the PSR protocol. The effect of
interference in (3) and (8) starts decreasing after a certain transmit SNR is reached. Therefore, the saturation happens as
these expressions start to depend on b1

b2
and c1

c2
, accordingly. In essence, the saturation starts at 30 dB for all NOMA cases

under various HI levels.
Figure 11 evaluates the impact of HI levels and channel conditions on the ergodic capacity vs the transmit SNR. Over-

all, the asymptotic results closely follow the simulation over the whole range of ∍ and 𝛼 − 𝜅 − 𝜇 parameter combinations.
All cases start saturating at 30 dB due to the NOMA’s constraints, and reach 2.3 and 2.25 bps/Hz for ∍ = 0.05 and ∍ = 0.1
scenarios, respectively. Unlike the HI at transceivers, better channel conditions do not affect the saturation level of the
ergodic capacity. For example, when ∍ = 0.05 is considered, the ergodic capacity ceiling for scenarios with 𝛼 = 4, 𝜅 = 0,
𝜇 = 1 and 𝛼 = 2, 𝜅 = 0, 𝜇 = 1 is the same. On the other hand, for the case with identical channel conditions (𝛼 = 2,
𝜅 = 0, 𝜇 = 1) and different HIs level (∍ = 0.05 and ∍ = 0.1), the ergodic capacity ceiling changes from 2.3 to 2.25 bps/Hz,
accordingly.

F I G U R E 9 Ergodic capacity: the simulation and approximation results for the PSR (𝜌 = 0.91) and TSR (𝜂 = 0.07) protocols, when ∍
= 0.05
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F I G U R E 10 The ergodic capacity for the PSR (𝜌 = 0.91) and TSR (𝜂 = 0.07) protocols under OMA and NOMA schemes, when ∍
= {0.1, 0.15}

F I G U R E 11 The asymptotic values of ergodic capacity for the PSR (𝜌 = 0.91) protocol under different 𝛼 and ∍ parameters

For the two-hop cooperative NOMA architecture, the ergodic capacity saturates and there is no need to increase the
transmit SNR after a certain point. For such network the ergodic capacity starts degrading more severely when the trans-
mit SNR grows. Additionally, the boundary values of the transmit SNR for the NOMA system to outperform its OMA
counterpart in terms of ergodic capacity differ with respect to the energy harvesting protocol. After reaching these bound-
ary levels, the OMA system becomes more favorable. Overall, the capacity saturation for two-hop cooperative NOMA
under consideration starts at 30 dB for all the NOMA cases under any HIs level and channel fluctuations. The ergodic
capacity ceiling is affected by the HIs level at transceivers, while the change of channel conditions does not affect it.
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F I G U R E 12 The failure probability for the PSR and TSR protocols for different values of ∍

Figure 12 shows the failure probability for both protocols with respect to the HI levels and transmit SNR under
Nakagami-m (𝛼 = 2, 𝜅 = 0, 𝜇 = 2) fading. The failure occurs when the achieved data rate falls below the predefined
threshold, defined as th. The data rate threshold values of th,1 and th,2 are equal to 0.8 and 1.4 bps/Hz, accordingly. We
consider the failure threshold levels of 10−1, 10−2, 10−3 for three different systems and the transmit SNR values of 40 and
45 dB. Overall, the observed increase in the failure probability occurs with a higher HIs and data rate threshold level. The
system with th,1 data rate threshold and the transmit SNR of 40 dB, experiences the failure and approaches the failure
threshold of 10−3 even at low HI levels, under the TSR and PSR protocols, accordingly. Furthermore, the system under
the same conditions and the transmit SNR of 45 dB shows higher tolerance for the increase in the HI level under both
protocols, where failure occurs at ∍ values of 0.18 and 0.23 for both protocols, respectively.

Unlike the scenario with th,2, the failure probability of the network under the TSR protocol and th,1 is less susceptible
to the changes in HI levels. Whereas, for the TSR-enabled network with th,2, the failure happens at ∍ values of 0.15 and
0.16 for 40 and 45 dB of transmit SNR, accordingly. In contrast, the PSR protocol’s failure probability has a significant
relationship with ∍ for both data rate thresholds. For example, the failure probability degrades by almost ten times for
both transmit SNR levels, while the HIs level ranges between the ideal case and 0.2 at th,1. In comparison with PSR,
the failure happens at lower levels of ∍ for TSR at th,2. Additionally, at a certain transmit SNR level, the optimal energy
harvesting protocol in terms of failure probability changes depending on the level of HIs level. For example, the case with
a PSR protocol and th,1 remains the optimal one only up to ∍ values of 0.15 and 0.17 for the transmit SNR of 40 and 45
dB, respectively.

Depending on the required outage level requirements and inter-node distance values, there are certain transmit SNR
values chosen at the base station of the considered two-hop cooperative NOMA architecture. At this transmit SNR value,
it is essential to choose the optimal energy harvesting protocol, because at a certain transmit SNR, it would be better either
to choose the PSR protocol and spend resources on equipment with a lower HIs level or choose the TSR protocol without
any additional investment. Moreover, if the PSR protocol is used, the channel degradation, for example, decreasing the
number of multipath clusters can be compensated by investing in transceivers with a lower HI level. However, such
trade-off cannot be implemented for the TSR protocol.

6 CONCLUSION

This work contributes to the field of performance analysis of wireless powered cooperative NOMA subject to the hard-
ware imperfections. We derived the expressions for the outage probability and ergodic capacity metrics over a generalized
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𝛼 − 𝜅 − 𝜇 fading model, which special cases are the Weibull, Rician and so forth. The analytical OP expressions were ana-
lyzed over a number of HI levels and demonstrated the consistency over a 𝛼 − 𝜅 − 𝜇 statistical model, and were further
validated by Monte-Carlo simulations for both protocols. The approximate and asymptotic ergodic capacity expressions
were obtained and investigated for the TSR and PSR protocols. Finally, the results underlined the importance of con-
sidering the hardware imperfections existing at the transceivers’ front-ends for the applications with strict reliability
conditions. Finally, the results suggested that the HI impact on OP enhances, when the parameters 𝛼, 𝜅, and 𝜇 increase.
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ENDNOTES
∗It is important to highlight that, for the outage performance, the considered system model is non-homogeneous allowing each individual link
to follow different statistical models.

†This statistical model is considered to be general as it includes the other fading models,44,48,49 for example, Weibull, Rice and so forth
‡Note that, in this article, unlike Reference 51, we consider a linear energy harvesting model to facilitate the analysis, when 𝜛 is independent
of the input power level of an EH circuitry. Non-linear 𝜛 modeling imposes resource optimization problems which are beyond the scope of
this article.

§We assume that the QoS of U1 is satisfied due to its proximity to S.
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APPENDIX A. THE PDF OF A NEW RANDOM VARIABLE

Using eq. (9.6.10)50 to represent the modified Bessel function of the first kind as

I𝜇−1

(
2𝜇

√
𝜅(1 + 𝜅)r

𝛼

2

)
=

∞∑
m=0

[
𝜇
√
𝜅(1 + 𝜅)r

𝛼

2

]2m+𝜇−1

m!Γ(m + 𝜇)
, (A1)

and applying the “change of variable” method57 for X = |hi|2, we can write the PDF of a new RV as

fX (x) =
∞∑

m=0

𝛼𝜇2m+𝜇𝜅m(1 + 𝜅)m+𝜇

2m!Γ(m + 𝜇)e𝜇𝜅e𝜇(1+𝜅)x
𝛼
2

x
𝛼(𝜇+m)

2
−1
. (A2)

The same is true for the RVs Y and Z.

APPENDIX B. OUTAGE PROBABILITY FOR 𝜶-𝜿-𝝁 FADING

To find the PDF of fW1 in (11), we first evaluate fW1 as

FW1 = Pr
[
𝛾U2 < v

]
= Pr

[
Z <

ve3

e1 − ve2

]
=

ve3
e1−ve2

∫
0
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(𝜇3𝜅3)m𝛾
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Now, applying eq. (06.06.20.0003.01),58 fW1(v) can be further derived as

fW1 (v) =
dFW1

dv
=

m∞∑
m=0
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The term FW2 from expression (11) can be written as

FW2 = Pr
[
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where V1 = vc4
c1−vc2

and V2 = vc3

c1−vc2
. Then, by using the series expansion of a lower incomplete Gamma function59 as

𝛾(a, x) = Γ(a)
(

1 − e−x∑a−1
L=0

xL

L!

)
along with the binomial expansion theorem, FW2 can be represented as

FW2 = 1 −
⎡⎢⎢⎢⎣

∞∑
n=0

∞∑
m=0

A(𝜇1𝜅1)m

m!e𝜇1𝜅1

𝜇1+m−1∑
p=0

Φp
1

V
− 𝛼1p

2
1 p!

𝛼1p
2∑

s=0

𝛼1p
2
!(

𝛼1p
2

− s
)
!s!

(
V2

V1

) 𝛼1p
2
−s

∞

∫
0

y
𝛼2(𝜇2+n)

2
−s−1e−Φ2y

𝛼2
2 e−Φ1

(
V1
y
+V2

) 𝛼1
2

dy
⎤⎥⎥⎥⎦ . (B4)

Furthermore, applying the binomial approximation

(
1 + V1

V2
y−1

) 𝛼1
2

≈ 1 + 𝛼1

2
V1

V2
y−1, (B5)

eq. (3.6.9)50 and the following equalities, as in eq. (01.03.26.0004.01),58

e−Φ2y
𝛼2
2 = G1, 0

0, 1

(
Φ2y

𝛼2
2

||||||
−
0

)
, (B6)

e−Φ1V
𝛼1
2 −1

2 V1
𝛼1
2

y−1
= G0, 1

1, 0

⎛⎜⎜⎝
2y

Φ1V
𝛼1
2
−1

2 𝛼1V1

||||||
1
−

⎞⎟⎟⎠ , (B7)

FW2 can be solved using eq. (21).47 Then, inserting (B2) and (B4) into (11), the exact outage can be rewritten as in (12).

APPENDIX C. HIGH-SNR APPROXIMATION OF OUTAGE PROBABILITY

The expression of D2 in (15) is re-calculated as

D2 =
∞∑

n=0
A

∞∑
m=0

(𝜇1𝜅1)m

m!Γ(𝜇1 + m)e𝜇1𝜅1

∞

∫
0

y
𝛼2(𝜇2+n)

2
−1

e𝜇2(1+𝜅2)y
𝛼2
2
𝛾

(
𝜇1 + m,Φ1

(
𝜙1

y
+ 𝜙2

) 𝛼1
2

)
dy. (C1)
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Assuming the high-SNR regime, the expression given by Φ1

(
𝜙1

(
y−1 + 𝜙2

𝜙1

)) 𝛼1
2 tends to zero, where 𝜙2

𝜙1
is a constant and

𝜙1 → 0. Taking into account that 𝛾(c, d) ≈ dc

c
, when d → 0,59 the expression in (C1) can be simplified using the binomial

expansion theorem and the definition of a Gamma function mentioned earlier as

D2 =
∞∑

n=0
A

∞∑
m=0

(𝜇1𝜅1)m
(
Φ1𝜙

𝛼1
2

1

)𝜇1+m

m!Γ(𝜇1 + m)e𝜇1𝜅1(𝜇1 + m)

𝛼1 (𝜇1+m)
2∑

r=0

𝛼1(𝜇1+m)
2

!

( 𝛼1(𝜇1+m)
2

− r)!r!

(
𝜙2

𝜙1

) 𝛼1 (𝜇1+m)
2

−r 2

𝛼2(Φ2)
𝜇2+n− 2r

𝛼2

Γ
(
𝜇2 + n − 2r

𝛼2

)
. (C2)

In a similar manner to (B1), the expression of D1 in (14) can be further rewritten as

D1 =
∞∑

m=0

(𝜇3𝜅3)m

m!Γ(𝜇3 + m)e𝜇3𝜅3
𝛾

(
𝜇3 + m,Φ3

(
0.5v2e3

e1 − 0.5v2e2

) 𝛼3
2

)
. (C3)

Now, applying the high-SNR approximation mentioned above to (C3) leads to

D1 =
∞∑

m=0

(𝜇3𝜅3)m
(
Φ3(

0.5v2e3

e1−0.5v2e2
)
𝛼3
2

)𝜇3+m

m!Γ(𝜇3 + m)e𝜇3𝜅3(𝜇3 + m)
. (C4)

The high-SNR asymptotic OP expression PHS
out,2 can be expressed as in (C5), where M =

2
(

𝛼1(𝜇1+m)
2

)
!

𝛼2

(
𝛼1(𝜇1+m)

2
−r

)
!r!

.

PHS
out,2 = 1 −

⎡⎢⎢⎢⎢⎣
1 −

n∞∑
n=0

m∞∑
m=0

A(𝜇1𝜅1)m
(
Φ1𝜙

𝛼1
2

1

)𝜇1+m

m!Γ(𝜇1 + m)e𝜇1𝜅1(𝜇1 + m)

𝛼1(𝜇1+m)
2∑

r=0

(
𝜙2

𝜙1

) 𝛼1 (𝜇1+m)
2

−r

M
Γ
(
𝜇2 + n − 2r

𝛼2

)
Φ

𝜇2+n− 2r
𝛼2

2

⎤⎥⎥⎥⎥⎦
×

⎡⎢⎢⎢⎢⎣
1 −

m∞∑
m=0

(𝜇3𝜅3)m
(
Φ3

(
0.5v2e3

e1−0.5v2e2

) 𝛼3
2

)𝜇3+m

m!Γ(𝜇3 + m)e𝜇3𝜅3(𝜇3 + m)

⎤⎥⎥⎥⎥⎦
(C5)

APPENDIX D. ERGODIC CAPACITY ANALYSIS

D.0.1 S-to-U2 link
For the direct S-to-U2 link, the ergodic capacity expression is defined as

C
𝛾U2
erg =

∞

∫
0

Hp log2
(
1 + 𝛾U2

)
f𝛾U2

d𝛾U2

=

∞

∫
0

Hp log2(e3 + (e1 + e2)Z)fG(g)dg −

∞

∫
0

Hp log2(e3 + e2Z)fQ(q)dq

=
Hp

ln(2)

⎡⎢⎢⎣
∞

∫
0

ln
(

1 +
g
e3

)
fG(g)dg −

∞

∫
0

ln
(

1 +
q
e3

)
fQ(q)dq

⎤⎥⎥⎦ , (D1)

where G = EZ and Q = e2Z and their PDFs are defined as fG(g) = 1
E

fZ( g
E
) and fQ(q) = 1

e2
fZ( q

e2
), respectively.
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22 of 23 NAURYZBAYEV et al.

Noticing the similarity in a structure of fG(g) and fQ(q), we write

fG(g) =
∞∑

c=0
DE− 𝛼3(𝜇3+c)

2 g
𝛼3(𝜇3+c)

2
−1e−Φ3

(
g
E

) 𝛼3
2

. (D2)

Using eq. (11),47 given by

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

(
a
||||||
1, 1
1, 0

)
, (D3)

and eq. (21),47 the first integral in (D1) can be expressed as in (D4), where 𝛼3 is an even number. Extrapolating the
obtained results to the case of a variable q and further substituting them gives the general ergodic capacity expression for
a generalized 𝛼-𝜅-𝜇 fading model as shown in (18).

∞

∫
0

ln
(

1 +
g
e3

)
fG(g) dg =

∞∑
c=0

D

(
e3

E

) 𝛼3(𝜇3+c)
2 2

𝛼3

(2𝜋)
𝛼3
2
−1

G
𝛼3+1, 𝛼3

2
𝛼3, 𝛼3+1

(
Φ3

(e3

E

) 𝛼3
2
||||||
Δ( 𝛼3

2
,−𝜁3), Δ(

𝛼3

2
, 1 − 𝜁3)

0, Δ( 𝛼3

2
,−𝜁3), Δ(

𝛼3

2
,−𝜁3)

)
(D4)

C
𝛾U1→2
erg,Asym =

Hp

ln(2)

⎡⎢⎢⎢⎣
m∞∑
m=0

B

(
c3

c5

) 𝛼1 (𝜇1+m)
2 2

𝛼1

(2𝜋)
𝛼1
2
−1

G
𝛼1+1, 𝛼1

2
𝛼1, 𝛼1+1

(
Φ1

(
c3

c5

) 𝛼1
2
||||||
Δ( 𝛼1

2
,−𝜁1), Δ(

𝛼1
2
, 1 − 𝜁1)

0, Δ( 𝛼1
2
,−𝜁1), Δ(

𝛼1
2
,−𝜁1)

)

−
m∞∑
m=0

B

(
c3

c2

) 𝛼1 (𝜇1+m)
2 2

𝛼1

(2𝜋)
𝛼1
2
−1

G
𝛼1+1, 𝛼1

2
𝛼1, 𝛼1+1

(
Φ1

(
c3

c2

) 𝛼1
2
||||||
Δ( 𝛼1

2
,−𝜁1), Δ(

𝛼1
2
, 1 − 𝜁1)

0, Δ( 𝛼1
2
,−𝜁1), Δ(

𝛼1
2
,−𝜁1)

)⎤⎥⎥⎥⎦ (D5)

D.0.2 U1-to-U2 link
The general ergodic capacity expression for U1-to-U2 link is

C
𝛾U1→2
erg =

∞

∫
0

Hp log2
(
1 + 𝛾U1→2

)
f𝛾U1→2

d𝛾U1→2

=

∞

∫
0

Hp log2 (c4 + (c1 + c2)XY ) fT(t)dt −

∞

∫
0

Hp log2 (c4 + c2XY ) fV (v)dv

=
Hp

ln(2)

⎡⎢⎢⎣
∞

∫
0

ln
(

1 + t
c4

)
fT(t)dt −

∞

∫
0

ln(1 + v
c4
)fV (v)dv

⎤⎥⎥⎦ , (D6)

where T = c5XY and V = c2XY are new RVs.
The PDF of T is defined as

fT(t) = ∫
∞

0

1
yc5

fY (y)fX

(
t

yc5

)
dy. (D7)

Due to their similarity, the thorough derivation of the PDF is shown only for the variable t. Making 𝛼1 = 𝛼2 = 𝛼, and using
eq. (3.478.4),46 the new PDF for 𝛼-𝜅-𝜇 fading is written as

fT(t) =
∞∑

m=0
B

∞∑
n=0

AΛ
(

1
c1 + c2

)𝛽

t
𝛼(𝜇2+n+𝜇1+m)

4
−1K𝜇2+n−𝜇1−m

⎛⎜⎜⎝2

√
Φ1Φ2

(
1

c1 + c2

) 𝛼

2

t
𝛼

4

⎞⎟⎟⎠ , (D8)

 21613915, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ett.4415 by N

azarbayev U
niversity, W

iley O
nline L

ibrary on [16/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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where K𝜈(⋅) denotes the modified Bessel function of the second kind and order 𝜈.

In the same manner, as part of the capacity derivation process, using (D3) and K𝜈(a) = 1
2

G2, 0
0, 2

(
a2

4

||||− , −
𝜈

2
, − 𝜈

2

)
from

eq. (14)47 as a replacement, we can further express the first integral in (D6) as in (D9). Moreover, applying eq. (21),47 the
integral in (D9) is solved. Extrapolating the obtained results to the case of variable v and further substituting them gives
us the general ergodic capacity expression for a generalized 𝛼-𝜅-𝜇 fading model, as shown in (21).

∞

∫
0

ln
(

1 + t
c4

)
fT(t)dt =

∞∑
m=0

B
∞∑

n=0
AΛ

(
c4
c5

)𝛽

𝛼(2𝜋)
𝛼

2
−1

G
𝛼+2, 𝛼

2
𝛼, 𝛼+2

(
Φ1Φ2

(
c4

c5

) 𝛼

2
||||||

Δ( 𝛼
2
,−𝜉), Δ( 𝛼

2
, 1 − 𝜉)

𝜇2−𝜇1
2

,
𝜇1−𝜇2

2
, Δ( 𝛼

2
,−𝜉), Δ( 𝛼

2
,−𝜉)

)

Additionally, the asymptotic capacity of the U1-to-U2 link is evaluated to be explicit. As a result, the SINDR at U2 is
changed to

𝛾U1→2 =
c1X

c2X + c3
, (D10)

accounting for c4 → 0. Due to the similarity of the general form of the asymptotic SINDR with the previously mentioned
direct transmission case, the explanations are omitted here. The asymptotic expression of the average capacity related to
the U1-to-U2 link is shown in (D5), where 𝜁1 = 𝛼1(𝜇1+m)

2
.
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