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Abstract

In this paper, a radio-frequency (RF) energy harvesting enabled cognitive radio

network (CRN) is considered in the presence of transceiver hardware impair-

ments (HIs). Herein, one of the secondary nodes (SNs) exploits simultaneous

wireless information and power transfer (SWIPT) technology to harvest energy

from the primary signal and provides relay assistance for the primary trans-

mission. We consider multiple antennas at the primary nodes (PNs) to ensure

better link reliability and spectrum sharing to mitigate the spectrum scarcity.

In the first phase, relaying SN uses non-linear energy harvester circuit to har-

vest energy from the received RF signals from PN based on the power splitting

approach. In the second phase, the same SN adds its own signal intended for

other SN along with the primary signal and broadcasts the combined signal.

Assuming the network to operate in a Nakagami-m fading environment, the

performance of the considered CRN is evaluated in terms of outage probability

(OP) and system throughput. Also, we formulate two optimization problems

to minimize the OP and maximize the system throughput. The Karush-Kuhn-

Tucker conditions are used to obtain the closed-form solution of the constrained

convex optimization. Numerical results are provided to examine the perfor-
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mance impact concerning different system and channel parameters.

Keywords: Cognitive radio network, hardware impairments, Nakagami-m

fading, non-linear energy harvester, outage probability, SWIPT.

1. Introduction

Spectrum sharing has become inevitable in the current wireless communica-

tion technology due to the rapid increase in the number of wireless connected

devices and the consequent huge demand of the fixed spectrum [1]. Thus, the

cognitive radio has emerged as a promising solution to combat spectrum con-5

gestion issues. Among the three popular spectrum sharing schemes in literature

[2], i.e., underlay, overlay, and interweave, the overlay spectrum sharing scheme

provides relay assistance to the primary system in the allocated duration over

the same licensed spectrum band. Another key constraint in wireless networks

is the network lifetime. Recent works have shown that radio-frequency (RF)10

signals can carry both information and power simultaneously [3]. Therefore,

receiver with appropriate circuitry [4] to enable simultaneous wireless informa-

tion and power transfer (SWIPT) technology, can decode information as well

as harvest energy from the RF signal which can help in increasing the network

lifetime. Based on the literature, SWIPT in receiver design can be implemented15

using three popular techniques, i.e., time switching (TS), power splitting (PS),

and antenna switching (AS) [5]. Among these three receiver designs, PS enabled

SWIPT exhibits superior performance as compared to other SWIPT techniques

[6]. Therefore, PS-based SWIPT is adopted in this paper for energy harvesting.

The receiver circuit enabled with RF energy harvesting comprises of non-linear20

elements such as diodes, capacitors and inductors and hence, a non-linear energy

harvesting (EH) model with two segments [7] is considered for a more realistic

approach.

Another critical aspect of cooperative communication is to ensure transmis-

sion reliability. The adversities at the terminal nodes and physical layer security25

issues may cause hindrance to the transmission of primary signals [8]. There-
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fore, providing diversity using multi-antenna techniques ameliorates the afore-

mentioned problems and aids in establishing a reliable transmission link while

providing improved signal transmission rates [9]. Also, the RF transceivers

are associated with various hardware imperfections [10] which limit the system30

performance. Hence, considering these hardware impairments (HIs) in multi-

antenna techniques makes it a more practical approach towards analyzing the

system performance.

1.1. Prior Works

In the recent past, many researchers have worked on wireless energy harvest-35

ing in cooperative communication networks [11, 12, 13, 14, 15, 16, 17]. The au-

thors in [11] have proposed a SWIPT enabled spectrum sharing scheme and de-

termined the optimal power allocation to maximize the system throughput while

maintaining the quality-of-service (QoS) of the primary system. In [12], the

authors have proposed an energy-assisted decode-and-forward (DF) protocol to40

address the issue of energy scarcity and spectrum scarcity, and have conducted a

comprehensive analysis of the proposed protocol with conventional amplify-and-

forward (AF) and DF protocols. In [13], an overlay spectrum sharing scheme

is studied for the outage performance of the system under Nakagami-m fading.

In [14], the performance of SWIPT in cognitive radio networks (CRNs) with45

AS technique is investigated for Rayleigh and Nakagami-m fading channels.

Different from the above works, the authors in [15] have studied opportunistic

relaying with dynamic energy harvesting scheme. Ambient backscatter com-

munication is adopted in [16] integrated with SWIPT based CRN to improve

the network performance in terms of system throughput and energy efficiency.50

Likely, the outage performance of an underlay CRN has been studied in [17].

Assuming, opportunistic spectrum access and sensing-based spectrum sharing,

the authors in [18] have studied a wideband SWIPT-based cognitive radio with

imperfect channel state information (CSI) and spectrum sensing. In [19], the

outage performance of an EH based bidirectional CRN is studied assuming55

DF relaying protocol. Further, in [20], the authors have studied a SWIPT-

3



based CRN for relay selection problem by adopting data-driven relay selection

strategies. The work in [21] addressed resource allocation issues in a two-tier

primary–secondary network and formulated an optimization problem for max-

imizing secondary user throughput with a constraint on primary throughput.60

In [22], the authors studied a joint meta-heuristic approach of particle swarm

optimization cuckoo search algorithm for resource allocation problem in wire-

less powered CRN-SWIPT framework in Rayleigh fading environment. The

authors in [23] investigated security aspects in a non-ideal transceiver relaying

network and presented a joint optimization of relay beamformer and transmit65

powers to maximize the average secrecy rate. Recently in [24], the authors

formulated a throughput maximization-based resource allocation scheme for a

wireless powered hybrid backscatter-active communication network while con-

sidering transceiver hardware impairments.

Recently, beamforming in SWIPT enabled wireless networks have gained70

much attention due to better transmission reliability, increased power and in-

formation transfer efficiency [25]. Works in [26]-[27] have adopted beamforming

in SWIPT based CRNs. In particular, research work in [26] have proposed

an overlay spectrum sharing scheme for improving rate and error performance.

In [28], the authors have considered a multi-user multiple-input-single-output75

(MISO) CRN coupled with PS-SWIPT under the criteria of fairness of users’

harvested energy, worst-user harvested energy-interference power and derived

the closed form solutions for transmit power minimization and EH maximiza-

tion. For a similar network in [29], the authors have investigated for secure

communication with robust beamforming under imperfect CSI. In [30], the au-80

thors have considered a PS SWIPT-aided multiuser MISO underlay CRN with

the aim to minimize the secondary transmit power by jointly optimizing the

transmit beamforming vector and the PS ratios satisfying the required EH and

QoS and interference constraints. While in [27], the authors have addressed the

issue of receive beamforming, joint transmit beamforming and power allocation85

in similar network. In [31], the outage performance and ergodic sum rate are

obtained for a two-way relay network (TWRN) with multiple antenna sources
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and channel estimation errors. In [32], the authors have considered a full-duplex

TWRN with multiple antennas at the source nodes and a pair of antennas at the

relay node, and analyzed the outage performance, diversity order under antenna90

selection strategy. In [33], the authors have studied the problem of minimizing

the total power consumption by exploiting a beamforming scheme in an un-

trusted underlay CRN. The authors in [34] have studied the performance of

amplify-forward relaying in dual-hop configuration with hardware impairments.

Research work in [35] investigates optimal power allocation scheme in an IoT95

system with decode-and-forward relaying while considering transceiver hardware

impairments. The authors in [36] have studied the performance of a two-way

AF relaying system in the presence of hardware impairments over Nakagami-m

fading channels and derived closed-form expressions for the outage probability,

ergodic capacity and asymptotic symbol error rate. In [37], the authors have100

considered a SWIPT-based CRN with multiple antennas at the secondary node

and studied the joint beamforming and relay selection problem for the same.

Similarly, in [38], a TWRN with multiple antennas at the cognitive transmit-

ter is designed for secure cooperative transmission and the secrecy sum rate is

maximized.105

In this work, we are interested in exploring a robust SWIPT-based CRN

model with overlay strategy towards improving the link reliability while adopt-

ing a more practical approach in the system design considerations. As a se-

quence, primary nodes are equipped with multiple antennas to enhance the link

reliability. To make the system more practical, the distortion noise caused due110

to HIs is taken into account at all the nodes. Also, a more realistic non-linear

model is adopted for energy harvesting. However, with all the above consid-

erations, the system performance highly depends on the spectrum sharing and

PS factors. This facilitates the need to optimize the system design parameters

to attain optimal system performance. With this motivation, we investigate115

the impact of HIs on the system performance of primary and secondary links

and disclose the ceiling effects. Moreover, we deduce an approach for effective

spectrum sharing at the secondary node and optimize the system parameters
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to achieve minimal outage probability at the primary node and maximal overall

system throughput while maintaining the QoS at the primary terminals. To the120

authors’ best knowledge, no work has yet analyzed the performance impact of

HIs on SWIPT-based CRN with a non-linear PS energy harvester circuit and

multi-antenna primary transceivers over the Nakagami-m fading channels.

1.2. Major Contributions

Motivated by the above discussion, in this paper, we consider an RF energy125

harvesting enabled CRN to tackle two fundamental challenges of wireless net-

works, viz., network lifetime and spectrum scarcity. The secondary nodes use

the harvested energy to facilitate relay assistance to the primary nodes while

realizing their communication. The system is modeled and studied so that it

maintains the QoS at the PNs. Also, we take into account the presence of HIs130

to give more practical insights concerning such futuristic complex wireless sys-

tems. For analysis of the system performance, we proficiently obtain expressions

of the outage probability (OP) and system throughput over Nakagami-m fading

by considering multiple antennas at the PNs and the presence of HIs. In or-

der to determine the optimal system design parameters in compliance with the135

above-mentioned considerations, we formulate two optimization problems, viz.,

outage probability minimization, and system throughput maximization. The

significant contributions in this paper can be summarized as follows.

� This paper characterizes the modeling of HIs in a non-linear EH-based PS-

SWIPT CRN with multiple antenna sources at the primary end. In this140

outline, we derive the instantaneous signal-to-noise and distortion ratio

expressions at both primary and secondary nodes.

� Assuming the system to operate under Nakagami-m fading environment,

we derive the expressions for OP of both primary and secondary links.

Subsequently, we obtain the system throughput, which is a significant145

performance metric in this work. Asymptotic OP analysis is also con-

ducted in the high SNR region to get valuable insights into the system
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performance.

� We investigate the considered system scheme for system spectrum ceiling

and overall system ceiling effects under the impact of HIs to ensure the150

primary link is not in outage. Also, effective spectrum sharing at the SN

is taken care of by determining the feasible range of the spectrum sharing

factor.

� We optimize two non-linear programming problems for minimizing pri-

mary outage probability and maximizing the system throughput. They155

are proved to be convex functions and hence solved using Karush-Kuhn-

Tucker (KKT) conditions to obtain the corresponding optimal PS and

spectrum sharing factors.

� Extensive analytical and simulation results are presented to give significant

insights into the system behavior and its performance measures concerning160

various system and channel parameters.

Notations: Pr[·], fX(·), and FX(·) denote respectively the probability, prob-

ability density function (PDF) and the cumulative distribution function (CDF)

of a random variable X. The upper incomplete, the lower incomplete, and the

complete gamma functions are represented as Γ[·, ·], Υ[·, ·], and Γ[·], respectively165

[39, eq. (8.350)]. Kv(·) represents vth order modified Bessel function of second

kind [39, eq. (8.432.1)] and Wu,v[·] denotes Whittaker function [39, eq. (9.222)].

2. System Model

As depicted in Fig. 1, the considered CRN consists of two primary nodes170

PNa and PNb, and a pair of secondary nodes SNt and SNr. Here, nodes PNa and

PNb are equipped with Na and Nb number of antennas, respectively, and SNs

are equipped with single antennas. It is assumed that the direct link between

PNs is not good enough to support the desired rate due to heavy shadowing or

blockage. Therefore, we adopt an overlay relaying scheme where SNt acts as a175
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Figure 1: System model of SWIPT-enabled CRN.

relay node to assist the primary transmission. In return to the relay assistance

provided by the secondary node, SNt is allowed to exchange its own information

to the other secondary node SNr over the same licensed spectrum. This relaying

node SNt is enabled with a non-linear energy harvester in order to harvest

energy from the signal received from PNa using PS technique. All the nodes are180

assumed to operate in half-duplex mode. The information transmission from

PNa to PNb for one block of duration T is depicted in Fig. 2. One transmission

block is divided into two equal phases i.e., each of duration T/2. In the first

phase, PNa transmits signal to SNt and SNr, and some part of the received

signal at SNt is utilized to harvest energy using PS technique. In the second185

phase, SNt appends the received signal from PNa with its own signal and applies

DF scheme to broadcast the combined signal. All the channel coefficients are

assumed to follow Nakagami-m fading and remain unchanged for one block

duration T . The channel vectors between PNa to SNt and SNt to PNb are

denoted as ha,t = [h1
a h

2
a ... h

Na
a ]T and ht,b = [h1

b h
2
b ... h

Nb

b ]T , respectively. All190

the entries of the channel vectors ha,t and ht,b follow Nakagami-m distribution

with average power Ωat and Ωtb, and fading severity parameter mat and mtb,

respectively.
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Figure 2: Frame structure for one block duration.

2.1. Signal Modeling with HIs

Practical hardware circuits suffer from impairments such as amplifier non-

linearity, in-quadrature-phase (IQ) imbalances, and phase noises, hence causing

performance degradation in communication systems [40]. Thus, assuming hard-

ware impairments in transceiver equipment, the received signal can be modeled

as [41]

ypq = hpq(xt + ηtp) + ηrq + nq, (1)

where hpq is the channel coefficient between two arbitrary communicating

nodes P and Q, and P transmits a symbol xt to Q. ypq denotes the received

signal at node Q. nq ∼ CN (0, σ2
q ) is the additive white Gaussian noise (AWGN)

component at node Q, ηtp and ηrq denote the distortion noises due to transceiver

impairments where ηtp ∼ CN (0, k2tP ) and ηrq ∼ CN (0, k2rP |hpq|2), with P =

E{|xt|2}. kt and kr are the parameters that denote the impairments level and

can be measured as error vector magnitudes. The overall distortion noise power

due to transceiver HIs can be given as

E{|hpqηtp + ηrq|2} = P |hpq|2(k2t + k2r). (2)

Using (2), we can express (1) as

ypq = hpq(xt + ηpq) + nq, (3)
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where ηpq ∼ CN (0, k2P ) is the distortion noise with k =
√
k2t + k2r consisting195

of both transmitter and receiver impairment levels. It is assumed that all the

nodes are equipped with the same hardware circuitry. When ηpq = 0, i.e., the

communicating nodes hardware is ideal, the above equation (3) takes the form

of conventional model. For ease of analysis, in this work we assume that the

HIs level at all nodes are equal and is denoted by k.200

2.2. Signal-to-Noise and Distortion Ratio (SNDR)

The signal received from primary node PNa at SNt in the first phase is

divided into two parts using the PS factor β, where β fraction of power is used

for EH while the remaining power, i.e., 1−β, is used for information processing

(IP). Thereafter, the primary and secondary signals are combined at SNt using205

the spectrum sharing factor α, where α amount of transmit power at SNt is

allocated for primary signal transmission and the remaining (1 − α) power is

used for secondary signal transmission.

In the first phase, primary node PNa transmits its signal using the transmit

beamforming weight vector ŵa. Hence, the signal received at the secondary

node SNt in the presence of HIs is expressed as

ya,t = hT
a,tŵa(x

I
a + ηat) + nt, (4)

where xI
a is the symbol transmitted by PNa in the first phase with power

E{|xI
a|2} = Pa. The Na × 1 transmit weight vector ŵa for maximum ratio

transmission is chosen as [42] ŵa =

(
h†

a,t

||ha,t||

)T

. ηat ∼ CN (0, k2Pa) is the dis-

tortion noise power with k =
√
k2a + k2t and nt ∼ CN (0, σ2

t ) is the AWGN

component at SNt. This received signal at SNt is subject to energy harvest-

ing using PS circuit with PS factor β. Thus, (
√
βyat)

2 power is used for EH

while the remaining (
√
1− βyat)

2 power is utilized for information processing

and transmission. The harvested energy Eh at SNt is given as

Eh = βη|hT
a,tŵa|2Pa

T

2
, (5)
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where η is the energy conversion efficiency and 0 < η < 1. Considering a

non-linear EH receiver as in [7], the total harvested power at SNt is given as

Ph=

βηPa||ha,t||2 for Pa||ha,t||2 ≤ Pth

βηPth for Pa||ha,t||2 > Pth.

(6)

Pth is the saturation threshold power of the energy harvester circuit. Using (4),

the remaining received signal at SNt for information processing can be expressed

as

yIPa,t =
√

1− β(hT
a,tŵa(x

I
a + ηat) + nt) + ncr, (7)

where ncr ∼ CN (0, σ2
cr) represents the RF to base-band conversion noise at SNt.

Hence, the instantaneous SNDR at SNt can be represented as

γa,t =
(1− β)Pa||ha,t||2

(1− β)k2Pa||ha,t||2 + (1− β)σ2
t + σ2

cr

. (8)

From (8), the instantaneous rate achieved at the information receiver at node

SNt is Ra,t =
1
2 log2(1 + γa,t). Now, SNt combines the received primary signal

and its own signal and broadcasts the resulting signal. SNt allocates α fraction

of its total transmit power to the primary signal and 1− α fractional power to

the secondary signal. Thereafter, the received signal at PNb in the second phase

is multiplied by Nb × 1 receive beamforming weight vector ŵb for maximum

ratio combining and the resultant signal is thus expressed as

yt,b = ŵb
T
ht,b(x

II
a + ηtbp) + ŵb

T
ht,b(xs + ηtbs) + ŵb

T
nb, (9)

where xII
a is the symbol transmitted from SNt to PNb in the second phase and xs

is the symbol transmitted from SNt to SNr with E{|xII
a |2} = αPh and E{|xs|2} =

(1−α)Ph. ηtbp ∼ CN (0, k2αPh) and ηtbs ∼ CN (0, k2(1−α)Ph) are the distortion

noises caused due to HIs. The receive beamforming weight vector is given by

ŵb
T
=

(
h†

t,b

||ht,b||

)
, nb is the Nb × 1 AWGN vector at node PNb, and ŵb

T
nb ∼

CN (0, σ2
b ). Based on (6) and (9), the SNDR at PNb is given as

γt,b=

γlin
t,b for Pa||ha,t||2 ≤ Pth

γsat
t,b for Pa||ha,t||2 > Pth,

(10)
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where γlin
t,b denotes the SNDR when the EH circuit is operating in linear region

while γsat
t,b represents the SNDR when it is in saturation region. γlin

t,b and γsat
t,b

are given as follows

γlin
t,b =

αβηPa||ha,t||2||ht,b||2

(1− α+ k2)βηPa||ha,t||2||ht,b||2 + σ2
b

(11)

γsat
t,b =

αβηPth||ht,b||2

(1− α+ k2)βηPth||ht,b||2 + σ2
b

. (12)

The achievable rate at PNb is Rt,b =
1
2 log2(1 + γt,b). During the second phase,

the signal received at SNr is given as

yt,r = ht,r(x
II
a + ηtrp) + ht,r(xs + ηtrs) + nr, (13)

where ht,r denotes the channel coefficient between SNt and SNr, ηtrp ∼ CN (0, k2αPh)

and ηtrs ∼ CN (0, k2(1− α)Ph) are the distortion noises caused due to HIs cor-

responding to primary and secondary symbols respectively and nr ∼ CN (0, σ2
r)

represents the AWGN noise at SNr. After primary interference cancellation, the

SNDR at SNr is given as follows

γt,r =
(1− α)Ph|ht,r|2

k2Ph|ht,r|2 + σ2
r

. (14)

Considering Ph from (6) in the above expression, we have

γt,r=

γlin
t,r for Pa||ha,t||2 ≤ Pth

γsat
t,r for Pa||ha,t||2 > Pth,

(15)

where γlin
t,r and γsat

t,r are expressed as

γlin
t,r =

(1− α)βηPa||ha,t||2|htr|2

k2βηPa||ha,t||2|ht,r|2 + σ2
r

(16)

γsat
t,r =

(1− α)βηPth|ht,r|2

k2βηPth|htr|2 + σ2
r

. (17)

The achievable rate in the second phase between SNt and SNr is given by Rt,r =

1
2 log2(1 + γt,r).210
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3. Performance Analysis

3.1. OP for Primary Link

The primary link PNa→PNb will be in outage if the instantaneous achievable

rate Ra,t at SNt or the instantaneous achievable rate Rt,b at PNb falls below a

predefined target rate. Here, the term Rt,b may also depend on ||ha,t||2 along

with Ra,t, as the transmit power Ph in the second phase becomes a function of

||ha,t||2 in the linear region. However, taking into account the tractability of the

subsequent mathematical analysis with a non-linear EH model, the OP for the

primary link is formulated as in [19, 43, 44],

Pout,b = 1− Pr[Ra,t ≥ rb]Pr[Rt,b ≥ rb]. (18)

The above expression can be evaluated by solving individual probability terms.

The term Pr[Ra,t ≥ rb] is solved as follows.

Pr[Ra,t ≥ rb] = 1− Pr[Ra,t < rb] = 1− Pr[γa,t < φb]

≜ 1− Fγa,t(φb), (19)

where φb = 22rb − 1 is the desired target signal-to-noise ratio (SNR). The term

Fγa,t
(φb) is formulated as

Fγa,t(φb) = Pr

[
||ha,t||2 <

φb((1− β)σ2
t + σ2

cr)

(1− β)Pa(1− k2φb)

]
. (20)

On incorporating the PDF expression of ||ha,t||2 in the above probability term

and solving the resulting integral as shown in Appendix A, the expression of

Fγa,t
(φb) can be obtained as215

Fγa,t(φb)=
1

Γ[matNa]
Υ

[
matNa,

mat

Ωat

φb((1− β)σ2
t +σ2

cr)

(1− β)Pa(1− k2φb)

]
. (21)

On similar grounds as in (19), the second probability term in (18) can be ex-

pressed as

Pr[Rt,b ≥ rb] ≜ 1− Fγt,b
(φb). (22)
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Further, Fγt,b
(φb) can be formulated as

Fγt,b
(φb) = Pr[γt,b < φb], (23)

which can be then expressed for two cases as

Fγt,b
(φb)=Pr[γlin

t,b < φb, Pa||ha,t||2 ≤ Pth]

+ Pr[γsat
t,b < φb, Pa||ha,t||2 > Pth]. (24)

Therefore, (24) can be represented as

Fγt,b
(φb) = Fγlin

t,b
(φb) + Fγsat

t,b
(φb). (25)

Hereby, Fγlin
t,b
(φb) is obtained as follows.

Fγlin
t,b
(φb)=

1

Γ[matNa]

1

Γ[mtbNb]
Υ

[
matNa,

mat

Ωat

Pth

Pa

]

×Υ

[
mtbNb,

mtb

Ωtb

ϵb
Pth

]
+

Γ
[
mtbNb,

mtb

Ωtb

ϵb
Pth

]
Γ[mtbNb]

− 1

Γ[mtbNb]

(
mtb

Ωtb

)mtbNb matNa−1∑
i=0

(
mat

Ωat

ϵb
Pa

)i
i!

×

2

(
mat

Ωat

ϵb
Pa

mtb

Ωtb

)mtbNb−i

2

KmtbNb−i

(
2

√
mat

Ωat

ϵb
Pa

mtb

Ωtb

)

−
∞∑
s=0

(−1)s

s!

(
mtb

Ωtb

)s(
mat

Ωat

ϵb
Pa

)mtbNb−i+s

×
(
mat

Ωat

Pth

Pa

)− 1
2 (mtbNb−i+s+1)

e
− 1

2

(
mat
Ωat

Pth
Pa

)

× W− 1
2 (mtbNb−i+s+1),− 1

2 (mtbNb−i+s)

[
mat

Ωat

Pth

Pa

])
, (26)

and the expression of Fγsat
t,b

(φb) is given by

Fγsat
t,b

(φb) =
1

Γ[matNa]

1

Γ[mtbNb]
Γ

[
matNa,

mat

Ωat

Pth

Pa

]
×Υ

[
mtbNb,

mtb

Ωtb

ϵb
Pth

]
, (27)

where ϵb =
σ2
bφb

βη(α−(1−α+k2)φb)
.

Proof: Please see Appendix A.
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Thereafter, Fγt,b
(φb) is obtained by substituting (26) and (27) in (25). Moreover,

based on (19) and (22), Pout,b in (18) can be expressed as follows

Pout,b = 1− (1− Fγa,t(φb))(1− Fγt,b
(φb)). (28)

Inserting the expressions obtained from (21) and (25) into (28), the exact ex-

pression for Pout,b can readily be obtained.

3.2. OP for Secondary Link

The secondary link SNt→SNr will be in outage if the desired target rate at

SNr exceeds the instantaneous achievable rate Rt,r or if SNr fails to decode the

symbol xa. Considering the decoding events to be independent, the OP at SNr

can be expressed as in [19, 43],

Pout,r = 1− Pr[Ra,t ≥ rb]Pr[Rt,r ≥ rs]. (29)

where rs is the desired target rate at node SNr. In the above equation, the first

probability term has already been solved in (19), while the second probability

term is formulated as follows

Pr[Rt,r ≥ rs] = 1− Pr[Rt,r < rs] = 1− Pr[γt,r < φs]

≜ 1− Fγt,r (φs), (30)

where φs = 22rs −1 is the pre-defined target SNR at secondary node SNr. Thus,

from (19) and (30), Pout,r in (29) can be given as

Pout,r = 1− (1− Fγa,t(φb))(1− Fγt,r (φs)). (31)

Further, Fγt,r
(φs) can be expressed as

Fγt,r
(φs)=Pr[γlin

t,r < φs, Pa||ha,t||2 ≤ Pth]

+ Pr[γsat
t,r < φs, Pa||ha,t||2 > Pth]. (32)

Therefore, (32) can be represented as

Fγt,r
(φs) = Fγlin

t,r
(φs) + Fγsat

t,r
(φs). (33)
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The exact expression of CDF Fγlin
t,r
(φs) is given as

Fγlin
t,r
(φs) =

1

Γ[mtr]

1

Γ[matNa]
Υ

[
matNa,

mat

Ωat

Pth

Pa

]

×Υ

[
mtr,

mtr

Ωtr

ϵr
Pth

]
+

Γ
[
mtr,

mtr

Ωtr

ϵr
Pth

]
Γ[mtr]

− 1

Γ[mtr]

(
mtr

Ωtr

)mtr matNa−1∑
i=0

(
mat

Ωat

ϵr
Pa

)i
i!

×

2

(
mat

Ωat

ϵr
Pa

mtr

Ωtr

)mtr−i
2

Kmtr−i

(
2

√
mat

Ωat

ϵr
Pa

mtr

Ωtr

)

−
∞∑
s=0

(−1)s

s!

(
mtr

Ωtr

)s(
mat

Ωat

ϵr
Pa

)mtr−i+s

×
(
mat

Ωat

Pth

Pa

)− 1
2 (mtr−i+s+1)

e
− 1

2

(
mat
Ωat

Pth
Pa

)

× W− 1
2 (mtr−i+s+1),− 1

2 (mtr−i+s)

[
mat

Ωat

Pth

Pa

])
. (34)

Equation (34) is valid for the condition 1 − α − k2rs > 0, else Fγlin
t,r
(φs) = 1.

Moreover, the term Fγsat
t,r

(φs) can be obtained as

Fγsat
t,r

(φs) =
1

Γ[matNa]

1

Γ[mtr]
Γ

[
matNa,

mat

Ωat

Pth

Pa

]
×Υ

[
mtr,

mtr

Ωtr

ϵr
Pth

]
. (35)

where ϵr =
rsσ

2
r

βη(1−α−k2rs)
.

Proof: Please see Appendix B.220

Hence, Fγt,r (φs) is obtained by incorporating the expressions in (34) and

(35) in (33). The final exact expression of Pout,r is obtained by substituting

(21) and (33) in (31).

Remarks: The expressions of Pout,b and Pout,r can be validated for special225

cases as given below.

Case 1: On assuming ideal hardware circuitry at all the nodes, i.e., k2 = 0,

with the consideration of Na = Nb = 1 and a linear EH model SWIPT receiver
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at the secondary node, these expressions converge to those given in [43].

Case 2: When the impact of HIs at all the communicating nodes is taken into230

account with a single antenna source and the linear EH enabled receiver at SNt,

the derived OP expressions for both primary and secondary nodes reduce to the

expressions as derived in [45].

3.3. System Throughput

In a communication system under delay-limited transmission scenario, sys-

tem throughput is the total average target rates of both primary and secondary

nodes attained over fading channels. Therefore, system throughput ST for the

considered scheme can be expressed as [41]

ST =
1

2

(
rb (1− Pout,b) + rs (1− Pout,r)

)
, (36)

where Pout,b and Pout,r are obtained in (28) and (31), respectively.235

3.4. Asymptotic Analysis

To obtain significant insights into the performance of the considered system

with HIs and multiple antenna sources, asymptotic outage behavior is analyzed

in the high SNR regime. Performing some mathematical manipulations and

approximating Υ[x, z] ≈
z→0

zx

x [46] in solving the integrals forms given in (A.1),

(A.3) and (A.5), the asymptotic outage probability at primary node PNb, is

expressed as

Pasym
out,b =

1

Γ[matNa]Γ[mtbNb]

(
1

matNa

(
mat

Ωat

)matNa

×

(
Υ

[
mtbNb,

mtbϵb
ΩtbPth

](
Pth

Pa

)matNa

+

(
mtb

Ωtb

)matNa

×
(

ϵb
Pa

)matNa

Γ

[
mtbNb −matNa,

mtbϵb
ΩtbPth

])

+Υ

[
mtbNb,

mtbϵb
ΩtbPth

](
Γ[matNa]−

1

matNa

×
(
mat

Ωat

Pth

Pa

)matNa
))

. (37)
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Similarly, the asymptotic outage probability at secondary node SNr, is given as

Pasym
out,r =

1

Γ[matNa]Γ[mtr]

(
1

matNa

(
mat

Ωat

)matNa

×

(
Υ

[
mtr,

mtrϵr
ΩtrPth

](
Pth

Pa

)matNa

+

(
mtr

Ωtr

)matNa

×
(
ϵr
Pa

)matNa

Γ

[
mtr −matNa,

mtrϵr
ΩtrPth

])

+Υ

[
mtr,

mtrϵr
ΩtrPth

](
Γ[matNa]−

1

matNa

×
(
mat

Ωat

Pth

Pa

)matNa
))

. (38)

3.5. Optimization

In this section, we formulate and investigate two optimization problems, viz.,

1) outage probability minimization at primary node, and 2) system throughput

maximization. Under these two problems, we seek to obtain the optimal values240

of PS factor (β) and spectrum sharing factor (α) in what follows.

1) Problem formulation for primary outage probability minimization:

Here, the objective is to obtain optimal PS and spectrum sharing factors corre-

sponding to minimum OP at PNb. As the asymptotic OP expression is found

tight (demonstrated in Section 4), it can be considered to investigate the opti-245

mization problem of OP minimization at primary node.

Therefore, we can formulate the primary OP minimization problem as

P1 : minimize
α,β

Pasym
out,b (39)

s.t. (Power splitting constraint):

C1 : 0 < β < 1

(Spectrum sharing constraint):

C2 : α∗ < α < 1

where α∗ is the critical value of α above which the relayed link outperforms

the direct link. α∗ varies with the considered set of system parameters and is
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obtained as shown in Fig. 7 in Section 4. The outage probability of primary link

is convex as its Hessian is found to be positive definite as given in Appendix C,

and thus the corresponding unconstrained minimization problem can be solved

from the zero-gradient conditions [47] i.e.,
∂Pasym

out,b

∂α = 0 and
∂Pasym

out,b

∂β = 0, where
∂Pasym

out,b

∂α and
∂Pasym

out,b

∂β are given in (C.1) and (C.2), respectively.

2) Problem formulation for maximizing system throughput:

Here, we strive to maximize the system throughput and thereby find the corre-

sponding optimal PS and spectrum sharing factors while maintaining the QoS

for the primary link. The maximization problem is formulated as follows.

P2 : maximize
α,β

ST (40)

s.t. (Power splitting constraint):

C1 : 0 < β < 1

(Spectrum sharing constraint):

C2 : α∗ < α < 1

(QoS constraint):

C3 : Pout,b ≤ Pmax
out,b

Here, Pmax
out,b is the maximum permissible outage probability at the primary node

to ensure QoS at the primary nodes. The above non-linear programming prob-

lem is a constrained optimization wherein constraint C3 is a convex function.

Hence, it is solved using KKT conditions [44]. To proceed further, we first define

the Lagrangian function for the above maximization problem as

L (β, α : λ1, λ2, λ3) = ST + λ1 (1− β) + λ2 (1− α)

+ λ3

(
Pmax
out,b − Pout,b

)
, (41)

where λ1, λ2 and λ3 are the Lagrangian multipliers for the problem constraints

C1,C2 and C3 respectively. Thus, the optimal condition is given as,

∇L (β, α : λ1, λ2, λ3) = 0. (42)
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The complementary slackness conditions are expressed as

λ1 (1− β) = 0, (43)

λ2 (1− α) = 0, (44)

λ3

(
Pmax
out,b − Pout,b

)
= 0. (45)

The non-negativity conditions of the Lagrangian multipliers based on the con-

straints is given as λ1 ≥ 0, λ2 ≥ 0 and λ3 ≥ 0. Adhering to the above mentioned

conditions and solving the equations, for a given set of system parameters, we

can obtain the optimal PS and spectrum sharing factors corresponding to max-250

imum throughput. It is apparent from the complementary slackness conditions

that when λ1, λ2 ̸= 0, it results in β = α = 1, which is not a feasible solution

for the considered system model and hence λ1, λ2 = 0. When λ3 ̸= 0, solving

the equations obtained from (42) and (45), the feasible solution is obtained for

the maximization problem where λ3 satisfies the non-negativity condition.255

4. Results and Discussion

A 2-D network topology is considered wherein the primary nodes PNa and

PNb are placed at coordinates (0,0) and (4,0) respectively, while the secondary

nodes SNt and SNr are assumed to be at (2,0) and (2,2) respectively. A path

loss model with path loss exponent ν = 3 is adopted and hence the variances of260

channel gains are defined as Ωij = d−ν
ij , where dij is the distance between two

nodes i and j. Moreover, it is assumed that σ2
b = σ2

t = σ2
r = σ2

rf = σ2 and the

transmit SNR is defined as Pa/σ
2. The threshold power of the non-linear EH

circuit Pth is set as -10dBm, noise power at the primary and secondary nodes is

considered to be -40dBm and η = 0.7. Further, Na = Nb = 2 unless otherwise265

mentioned in the figure. The remaining parameters which vary with each figure

are defined therein. As depicted in Table 1, for the considered set of system

design parameters, the infinite series involved in (28) and (31) are truncated

to include the first 15 terms for achieving sufficient accuracy (up to first seven

decimal places) in all the analytical results.270
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Table 1: Number of terms required in infinite series of (28) and (31) for achieving accuracy

up to first seven decimal places.

Index s
Pout,b in (28) Pout,r in (31)

SNR = 21dB 23dB 20dB 25dB

1 0.446043 0.216307 0.940947 0.422053

2 0.446048 0.216542 0.940972 0.581568

3 0.446046 0.216436 0.940958 0.494169

4 0.446047 0.216472 0.940964 0.530428

5 0.446047 0.216462 0.940962 0.518296

6 0.446047 0.216465 0.940963 0.521702

7 0.446047 0.216464 0.940962 0.520877

8 0.446047 0.216464 0.940962 0.521053

9 0.446047 0.216464 0.940962 0.52102

10 0.446047 0.216464 0.940962 0.521025

11 0.446047 0.216464 0.940962 0.521025

12 0.446047 0.216464 0.940962 0.521025

13 0.446047 0.216464 0.940962 0.521025

14 0.446047 0.216464 0.940962 0.521025

15 0.446047 0.216464 0.940962 0.521025

Table 2: Optimal design parameters corresponding to maximum system throughput.

Target rate SNR = 25dB SNR = 30dB

α β α β

1/2 0.7 0.58 0.899 0.899

1/3 0.6 0.5 0.7 0.9

1/4 0.49 0.9 0.43 0.81

1/5 0.31 0.9 0.4 0.9
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Figure 3: OP versus SNR for primary link.

Fig. 3 illustrates the OP for primary link with varying SNR for different

fading scenarios and transmit and receive antennas. It can be observed that the

outage performance improves with increasing fading severity parameter due to

the fact that the link reliability is better in a less fading environment. Also,

increase in the number of transmit/receive antennas causes better transmission275

reliability and hence it improves the outage performance. While the OP de-

creases with increasing transmit SNR, it remains saturated after a certain point

which is attributed to the non-linearity of the considered EH model. More-

over, increased transmit SNR results in low probability of outage occurrence

and hence the outage performance is better in high SNR range. With bet-280

ter energy conversion efficiency η, the energy harvested at the secondary node

increases. Accordingly, the primary signal can be broadcasted with increased

power, resulting in improved outage performance at the primary node.

Fig. 4 represents the OP curves for primary link with varying target rate

for different HI levels. We can observe that the outage performance degrades285

with increasing HI levels (denoted by k2) because HIs contribute to increased
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Figure 4: OP versus rb for primary link.

distortion noise thereby increasing the OP. Also, two important phenomena, i.e.,

system spectrum ceiling (SSC) and overall system ceiling (OSC), are observed

in this figure. Specifically, SSC gives the maximum achievable rate above which

the system OP exceeds the OP of direct transmission link (if it exists). Hence290

for better primary link outage performance, the system has to be operated for

target rates below SSC. Whereas, OSC is defined as the maximum attainable

target rate above which the primary system goes into outage. Therefore, based

on OSC it can be ensured that the primary link is not in outage. For the

considered set of parameters as given in the figure and for k2 = 0.2, the primary295

link is not in the outage for rb < 0.7 bps/Hz. Moreover, to achieve better outage

performance at the primary node than that of the direct link (if it exists), the

target rate rb should be below 0.32 bps/Hz.

Fig. 5 shows the OP for secondary link with varying α for different k and

fading scenarios. It can be seen from this figure that increasing fading severity300

parameter improves the OP performance due to better link reliability, while

increasing k2 results in poor OP performance due to increased distortion noise.
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Figure 5: OP versus spectrum sharing factor for secondary link.

Also, OP is improved with increasing transmit SNR. Furthermore, the spectrum

sharing factor α shows a significant impact on the OP of secondary node. For

higher values of α, the OP increases drastically due to higher fraction of power305

being allotted for primary transmission while less amount of power is allocated

for secondary transmission.

Fig. 6 describes the outage performance of the primary link with varying

PS factor and SS factor. This plot shows the convex behavior of OP, which is in

accordance with the mathematical analysis. It is to be noted that minimum OP310

is obtained for the given set of input parameters when α = 0.75 and β = 0.27.

Apparently, from the considered range of α, the obtained optimal value of α is

relatively high. This attributes to the fact that when higher power is allotted

for the primary signal transmission at the secondary node, the OP performance

at the primary node is improved. Also, a lower β value implies that the major315

portion of the primary signal is used for information transmission rather than

EH, which accounts for the minimal OP.

Fig. 7 discloses the behavior of outage performance of the primary link
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Figure 6: OP versus SNR for primary link.

versus spectrum sharing factor α for different target rates. OP of the direct

transmission link is also plotted in this figure. From this plot, we can obtain320

the value of the spectrum sharing factor above which the relayed link performs

better compared to the direct link. This value of α, i.e., α∗ is called as critical

value which plays a key role in ensuring effective spectrum sharing. Also, α∗

increases with the target rate because an increase in the target rate needs higher

transmit SNR. Thus, the power allocated for the primary signal transmission325

(determined by α) will increase.

Fig. 8 shows the system throughput curves with varying PS factor β, for

different transmit SNR values and target rates. It is evident that in a particular

SNR range, the system throughput is high and consistent. In order to obtain a

significant throughput performance, the system has to be operated in a certain330

range of β, so that the OP at primary and secondary nodes together contribute

to maximum system throughput. The feasible range of β lies between 0.7 to 0.9

corresponding to the considered target rate and transmit SNR.

Fig. 9 discloses the behavior of system throughput with varying α and β
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Figure 7: OP versus α for primary link.

values. It is evident from the plot that the system throughput variation for a335

given set of system parameters is loosely concave. Maximum system throughput

can be achieved by considering a particular set of of α and β values, which are

obtained by solving the optimization problem P2. Here, Pmax
out,b is assumed to

be 0.005. The corresponding optimal values obtained for different target rates

and transmit SNR are given in Table 2. It is observed that, as the target rate340

increases, the SS factor also increases in order to allot more power to the primary

signal.

5. Conclusion

In this paper, we investigated the impact of hardware impairments on SWIPT-

based CRN with multiple antennas at PNs. First, we proficiently obtained the345

outage probability expressions of both primary and secondary systems under

the Nakagami-m fading environment. Further, the system throughput is also

analyzed with the help of the derived OP expressions. Closed-form asymptotic

expressions for primary and secondary OP in the high SNR regime are obtained

to analyze the system performance. Two optimization problems, minimization350
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Figure 8: System throughput versus PS factor.

of OP and maximization of throughput, are formulated and their convexity is

proved. The optimal PS and spectrum sharing factors are hence determined

using KKT analysis. SSC and OSC effects are studied to give meaningful in-

sights into the system behavior. It is observed that the hardware impairments

degrade the system performance, which is countered using multiple antenna355

sources and designing the system with the achieved optimal parameters. The

impact of various system and channel parameters on the system performance is

studied comprehensively. Lastly, the analytical and simulation results validate

the accuracy of the derived expressions.
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Figure 9: System throughput versus α and β.

Declaration of competing interest

The authors declare that they have no known competing financial interests or

personal relationships that could have appeared to influence the work reported

in this paper.

Appendix A.370

Let X = ||ha,t||2 and Y = ||ht,b||2 be the Gamma distributed random vari-

ables whose PDFs are defined as [41] fX(x) =
(

mat

Ωat

)matNa
xmatNa−1

Γ[matNa]
e−

mat
Ωat

x, x ≥

0 and fY (y) =
(

mtb

Ωtb

)mtbNb
ymtbNb−1

Γ[mtbNb]
e
−mtb

Ωtb
y
, y ≥ 0, respectively. The term

Fγa,t(φb) is formulated as,

Fγa,t(φb) = Pr

[
X <

φb((1− β)σ2
t + σ2

cr)

(1− β)Pa(1− k2φb)

]
. (A.1)
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Using [39, eq.(3.351.2)], the above expression can be expressed as in equation

(21).

Furthermore, the CDF of Fγlin
t,b
(φb) can be formulated using (11) as,

Fγlin
t,b
(φb)=Pr

[
αβηPaXY

(1− α+ k2)βηPaXY + σ2
b

< φb, PaX ≤ Pth

]
,

= Pr

[
X <

ϵb
Pa

1

Y
,X ≤ Pth

Pa

]
, (A.2)

where ϵb =
σ2
bφb

βη(α−(1−α+k2)φb)
. Hence, Fγlin

t,b
(φb) is expressed in integral form as

follows.

Fγlin
t,b
(φb) =

∫ ϵb
Pth

y=0

fY (y)dy

∫ Pth
Pa

x=0

fX(x)dx

+

∫ ∞

y=
ϵb
Pth

fY (y)dy

∫ ϵb
Pa

1
y

x=0

fX(x)dx. (A.3)

Applying the necessary mathematical manipulations as in [39, eqs. (3.381.6)

and (3.471.9)], the above integral is solved as in (26). The CDF of Fγsat
t,b

(φb) is

given as,

Fγsat
t,b

(φb) = Pr

[
αβηPthY

(1− α+ k2)βηPthY + σ2
b

< φb, PaX > Pth

]
,

= Pr

[
Y <

ϵb
Pth

, X >
Pth

Pa

]
. (A.4)

The above probability expression is formulated in integral form as follows.

Fγsat
t,b

(φb) =

∫ ∞

x=
Pth
Pa

fX(x)dx

∫ ϵb
Pth

y=0

fY (y)dy. (A.5)

Using [39, eqs. (3.351.1) and (3.351.2)], the above integral is solved as given in

(27).375

Appendix B.

Assuming, Z = |ht,r|2 is a Gamma distributed random variable with PDF

fZ(z) =
(

mtr

Ωtr

)mtr
zmtr−1

Γ[mtr]
e−

mtr
Ωtr

z, z ≥ 0, the CDF of Fγlin
t,r
(φs) using (16) is
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formulated as

Fγlin
t,r
(φs) = Pr

[
XZ <

ϵr
Pa

, PaX ≤ Pth

]
,

= Pr

[
X <

ϵr
Pa

1

Z
,X ≤ Pth

Pa

]
, (B.1)

where ϵr is defined after (35). This probability expression is formulated in

integral form as

Fγlin
t,r
(φs) =

∫ ϵr
Pth

z=0

fZ(z)dz

∫ Pth
Pa

x=0

fX(x)dx

+

∫ ∞

z= ϵr
Pth

fZ(z)dz

∫ ϵr
Pa

1
z

x=0

fX(x)dx. (B.2)

The above integral is solved similar to (A.3) to obtain Fγlin
t,r
(φs) as given in (34).

Using (17), the CDF of Fγsat
t,r

(φs) is given as

Fγsat
t,r

(φs) = Pr

[
(1− α)βηPthZ

k2βηPthZ + σ2
r

< φs, PaX > Pth

]
,

= Pr

[
Z <

ϵr
Pth

, X >
Pth

Pa

]
. (B.3)

The corresponding integral form is expressed as

Fγsat
t,r

(φs) =

∫ ∞

x=
Pth
Pa

fX(x)dx

∫ ϵr
Pth

z=0

fZ(z)dz. (B.4)

On similar grounds as in (A.5), the above integral is formulated as in (35).
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Appendix C. Convexity of Objective Function

From the expression in (37), we obtain the expressions for the first derivative

of Pasym
out,b with respect to the two variables α and β as

∂Pasym
out,b

∂α
= − 1

Γ[matNa]Γ[mtbNb]

φb + 1

(α− φb (1− α+ k2))

× e
−mtb

Ωtb

ϵb
Pth

(
mtb

Ωtb

ϵb
Pth

)mtbNb

+
1

Γ[matNa + 1]Γ[mtbNb]

×
(
mat

Ωat

)matNa
(
−(φb + 1)

1

(α− φb (1− α+ k2))

×
(
Pth

Pa

)matNa

e
−mtb

Ωtb

ϵb
Pth

(
mtb

Ωtb

ϵb
Pth

)mtbNb

+ e
−mtb

Ωtb

ϵb
Pth (φb + 1)

(
mtb

Ωtb

)mtbNb
(

ϵb
Pa

)matNa

×
(

ϵb
Pth

)mtbNb−matNa

− φb + 1

(α− φb (1− α+ k2))

×matNa

(
mtb

Ωtb

)matNa
(

ϵb
Pa

)matNa

× Γ

[
mtbNb −matNa,

mtb

Ωtb

ϵb
Pth

])
. (C.1)

∂Pasym
out,b

∂β
=− 1

Γ[matNa]Γ[mtbNb]

1

β

(
e
−mtb

Ωtb

ϵb
Pth

(
mtb

Ωtb

ϵb
Pth

)mtbNb

+
1

matNa

(
mat

Ωat
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From the above two expressions, the second derivatives of Pasym
out,b for the Hessian

matrix are obtained as given in equations (C.3), (C.4) and (C.5). For the380
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considered range of input variables α and β, the Hessian matrix is found to be

positive definite thus proving P1 to be a convex optimization problem.
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