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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 [I]. Thus, the
cognitive radio has emerged as a promising solution to combat spectrum con-
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)
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 implemented
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-linear
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 security

issues may cause hindrance to the transmission of primary signals [§]. 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 system
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-
ing in cooperative communication networks [1T], 12} 13| 14 15} 16l 17]. The au-
thors in [I1] 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 to
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 [I3], 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) with
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.
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 [I8] have studied a wideband SWIPT-based cognitive radio with
imperfect channel state information (CSI) and spectrum sensing. In [I9], the
outage performance of an EH based bidirectional CRN is studied assuming

DF relaying protocol. Further, in [20], the authors have studied a SWIPT-
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based CRN for relay selection problem by adopting data-driven relay selection
strategies. The work in [2I] 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.
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 transmit
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 gained
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-output
(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-
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 allocation
in similar network. In [3I], 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 antenna
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 IoT
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 have
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.

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 due
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 investigate
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 the
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 energy
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 Hls
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 the
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.

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

expressions at both primary and secondary nodes.

e 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 significant
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.

e We investigate the considered system scheme for system spectrum ceiling
and overall system ceiling effects under the impact of HIs to ensure the
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.

e We optimize two non-linear programming problems for minimizing pri-
mary outage probability and maximizing the system throughput. They
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.

e Extensive analytical and simulation results are presented to give significant
insights into the system behavior and its performance measures concerning

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 I'[-, -], T[-, ], and T'[-], respectively
[39, eq. (8.350)]. KC,(+) represents vth order modified Bessel function of second
kind [39] eq. (8.432.1)] and W, ,,[-] denotes Whittaker function [39, eq. (9.222)].

2. System Model

As depicted in Fig. the considered CRN consists of two primary nodes
PN, and PNy, and a pair of secondary nodes SN; and SN,. Here, nodes PN, and
PN, are equipped with N, and Ny 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 SN acts as a
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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, SN; is allowed to exchange its own information
to the other secondary node SN, over the same licensed spectrum. This relaying
node SN is enabled with a non-linear energy harvester in order to harvest
energy from the signal received from PN, using PS technique. All the nodes are
assumed to operate in half-duplex mode. The information transmission from
PN, to PN}, for one block of duration T is depicted in Fig. 2l One transmission
block is divided into two equal phases i.e., each of duration T/2. In the first
phase, PN, transmits signal to SNy and SN,, and some part of the received
signal at SN is utilized to harvest energy using PS technique. In the second
phase, SN; appends the received signal from PN, 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 PN, to SN; and SN; to PN, are
denoted as ho; = [hLh2...hNa]T and h;y = [h} b} ... hi'*]T, respectively. All
the entries of the channel vectors h, + and h;; follow Nakagami-m distribution
with average power (2,; and €y, and fading severity parameter mg; and myy,

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

2.1. Signal Modeling with HlIs

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 [1]
Ypq = Ppg (Tt + Nep) + Mg + g, (1)

where hp, is the channel coefficient between two arbitrary communicating
nodes P and @, and P transmits a symbol x; to Q). ¥pq denotes the received
signal at node Q. ny ~ CN(0,02) is the additive white Gaussian noise (AWGN)
component at node @, 1+, and 7,.; denote the distortion noises due to transceiver
impairments where 7, ~ CN(0,k?P) and 1, ~ CN(0,k2P|hpy,|?), with P =
E{|7¢|?}. k; and k, 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{|hpqTep + 1irg*} = Plhpg (k] + k7). (2)
Using , We can express as

Ypq = Ppg (Tt + Npg) + 1gs (3)
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where 7,, ~ CN(0,k*P) is the distortion noise with k& = \/k2 + k2 consisting
of both transmitter and receiver impairment levels. It is assumed that all the
nodes are equipped with the same hardware circuitry. When 7,, = 0, i.e., the
communicating nodes hardware is ideal, the above equation 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.

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

The signal received from primary node PN, at SN; in the first phase is
divided into two parts using the PS factor g, where 5 fraction of power is used
for EH while the remaining power, i.e., 1 — 3, is used for information processing
(IP). Thereafter, the primary and secondary signals are combined at SN; using
the spectrum sharing factor a, where o amount of transmit power at SN is
allocated for primary signal transmission and the remaining (1 — a) power is
used for secondary signal transmission.

In the first phase, primary node PN, transmits its signal using the transmit
beamforming weight vector w,. Hence, the signal received at the secondary

node SN; in the presence of HIs is expressed as

Yot = hi Wa(} + 1ae) + ne, (4)

I

where x,

is the symbol transmitted by PN, in the first phase with power
E{|zL|?} = P,. The N, x 1 transmit WeigI;o vector w, for maximum ratio
transmission is chosen as [42] w, = (IIZE:I) . Nat ~ CN(0,k?P,) is the dis-
tortion noise power with & = \/k2 + k? and n; ~ CN(0,0?) is the AWGN
component at SN;. This received signal at SN is subject to energy harvest-
ing using PS circuit with PS factor 8. Thus, (v/Bya:)? power is used for EH
while the remaining (/T — Bya:)? power is utilized for information processing

and transmission. The harvested energy Fj at SN, is given as

- T
Ey, = Bn|hl Wa|2Pa§a (5)

a,t

10



where n is the energy conversion efficiency and 0 < n < 1. Considering a

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

BnPalhasl®  for  Polhatl® < P
P, = (6)
577Pth for Pa "ha,t”2 > Pth~
P;y is the saturation threshold power of the energy harvester circuit. Using ,

the remaining received signal at SN; for information processing can be expressed

as

ygj)t =V 1- ﬁ(hit‘ﬁ;(l‘é + nat) + nt) + Nery (7)

where n.. ~ CN(0,02.) represents the RF to base-band conversion noise at SN.

Hence, the instantaneous SNDR. at SN; can be represented as

(1 — B)Pa"hG,tHQ
(1= B)k?Pollha|? + (1 — B)o? + 02,

From , the instantaneous rate achieved at the information receiver at node

(8)

Ya,t =

SNt is Ret = %logQ(l + Ya,t). Now, SN; combines the received primary signal
and its own signal and broadcasts the resulting signal. SN; allocates « fraction
of its total transmit power to the primary signal and 1 — « fractional power to
the secondary signal. Thereafter, the received signal at PN, in the second phase
is multiplied by N, x 1 receive beamforming weight vector wp for maximum

ratio combining and the resultant signal is thus expressed as
T T T
Yrp =Wo e p(Th + Nup) + Wb R p(Ts + Tivs) + Wy 1p, (9)

where x}ll is the symbol transmitted from SN; to PN}, in the second phase and x4
is the symbol transmitted from SNy to SN, with E{|z}|?} = a P, and E{|z,|?>} =
(1—a) Py. nupp ~ CN (0, k*aPy,) and nips ~ CN(0, k?*(1—a) Py,) are the distortion
noises caused due to HIs. The receive beamforming weight vector is given by
wy! = ”Zg—zn . np is the N, x 1 AWGN vector at node PN, and wp" np ~
CN(0,02). Based on @ and @, the SNDR at PNy, is given as

" for  Py|ha|* < P

Vb= (10)
'yi?})t for P,|hat|? > P,

11



where 'yii’g denotes the SNDR when the EH circuit is operating in linear region
while 773" represents the SNDR when it is in saturation region. W%ij)‘ and ;%

are given as follows

7 A L O o
YT (1= at k2)BnPalha |2 lhes|? + oF
Pou|he o]

(1 —a+k?)BnPum|hy

>+
The achievable rate at PNy is Ry, = %logQ(l +7¢5). During the second phase,

the signal received at SN, is given as
Yt,r = ht,r(w}lI + ntrp) + ht,r(xs + ntrs) + Ny, (13)

where hy - denotes the channel coefficient between SNy and SN, 7, ~ CA(0, k*aPy)
and 745 ~ CN(0,k%(1 — o) P,,) are the distortion noises caused due to HIs cor-
responding to primary and secondary symbols respectively and n, ~ CN(0,02)
represents the AWGN noise at SN,. After primary interference cancellation, the

SNDR at SN, is given as follows

(1 — ) Pylhy - |?
= 14
Ve, 2 Phlht,r|2 + 0_% ( )

Considering Pj, from @ in the above expression, we have

’Y%trrl for Pa”ha,t"2 < P
Yt,r = (15)

vfif for  P,|ha|? > P,

where 7' and 7% are expressed as

lin _ (1- a)ﬂnPa||ha,t||2|htr‘2 (16)
b kQﬁnPa”ha,tHQ‘ht,rP + U%

sat __ (1 B a)ﬁnpth|ht,r‘2
BT k280 P |her |2 4 02

(17)

The achievable rate in the second phase between SN; and SN, is given by R;, =
3 logo (1 + 7e,r)-

12
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3. Performance Analysis

3.1. OP for Primary Link

The primary link PN,—PN,, will be in outage if the instantaneous achievable
rate R+ at SN; or the instantaneous achievable rate R;; at PNy falls below a
predefined target rate. Here, the term R;, may also depend on |h,|* along
with R+, as the transmit power P, in the second phase becomes a function of
|Ra.t|? 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],
Poutp =1 — Pr[Ra > m|Pr[Rep > 1) (18)

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

The term Pr[R,,; > 7] is solved as follows.

Pr[Ra,t >yl =1— Pr[Ra,t <rpl=1- Prha,t < )

S1= Py, (o), (19)

where ¢y, = 22" — 1 is the desired target signal-to-noise ratio (SNR). The term
F,, . (pp) is formulated as

eo((1 = B)of +a2,)
(1= B)Pa(l = k2ps)
On incorporating the PDF expression of |h, | in the above probability term

and solving the resulting integral as shown in the expression of
F,, ,(¢p) can be obtained as

Fy, . (6) = Pr | |ha ] <

(20)

ma eol(1 = Bod+02)
Qar (1= B)Pu(l — k2¢p)

On similar grounds as in , the second probability term in can be ex-

T matNa7

Fy, . (pp)= m (21)

pressed as

Pr[Rep > 1) £1—F,, , (pp). (22)

13



Further, F,, , (¢p) can be formulated as
Ey, 4 (00) = Prlyes < @),
which can be then expressed for two cases as

Fy, (6) =Pr[y;’s < b, Pallha|® < P

2 >Pth]~

+Pr[;y < v, Palha,il
Therefore, (24) can be represented as
By () = Foiin (00) + Foga (93)-

Hereby, F. i (4p) is obtained as follows.

! 1 Mat Prn
F in = T N 70‘7
’Yi,b(Wb) F[matNa] F[mthb] |:mat a Q. P, :|
T{ N, b Gb] r {m“’Nb’ o 1551,}
X X me Ny, 5— 55—
' Qi Pin T[mp Np)
7
1 M myp Ny MatNo—1 (Tga: 16371;)
?’{at % 2 e T
2\ “mn Kooy —i [ 2, ) at b Tt
X ?;7;: tb N ( Qat P, th)

i(—l)s Mib ° Mat €p meeNo =it
pa—r 8' th Qat Pa

— 3 (myp Np—its+1)
Mat Pth) 2 e,%(%@)

x <QatRz

X W_1 ; 1 i —_—
— 5 (M Np—i+s5+1),— 5 (mp Np—i+s
5 (mep Ny ),— 5 (mep Ny )|:Qat P,

and the expression of I sac (¢p) is given by

1 1 Mat Pen |
F sat = F a Na? R
Yew (¢0) TmaeNo] T[miep Ny |:m ! Qo Py |
My €p
T Ny, —— —
8 [mtb " Pth:|

2
W — b Pb
here ¢, = Bn(a—(1—a+k?)py) "

Proof: Please see

14
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Thereafter, F,, , (@) is obtained by substituting and in (25). Moreover,
based on and , Pout,p i can be expressed as follows

Pout,p =1 — (1- Fva,t(QOb))(l - F%,b(@b))' (28)

Inserting the expressions obtained from and into , the exact ex-

pression for Py, can readily be obtained.

3.2. OP for Secondary Link

The secondary link SN;—SN, will be in outage if the desired target rate at
SN, exceeds the instantaneous achievable rate R, or if SN, fails to decode the
symbol z,. Considering the decoding events to be independent, the OP at SN,
can be expressed as in [19] [43],

Poutr = 1 — Pr[Ras > 1|Pr[Ry, > 7). (29)

where rg is the desired target rate at node SN,. In the above equation, the first
probability term has already been solved in , while the second probability

term is formulated as follows

Pr[Ri, > rs] =1 —Pr[Ry, <715l =1—Prly, < ¢

£ 1- F%,r (908>7 (30)

where ¢, = 227> —1 is the pre-defined target SNR at secondary node SN,. Thus,

from and , Pout,r I can be given as
Pout,r =1 — (1- F’ya,t(@b))(l - F’Yt,r (©s))- (31)
Further, F,, (¢,) can be expressed as

F’Ym ((ps):Pr['yiiﬁ < Ps; Pa"ha,t”2 < Pth]

+Prs < @5, Palhae? > Pl (32)
Therefore, can be represented as

F%.,T(SDS) = Fy}ij; (0s) + waf‘ﬁ (©s)- (33)

15
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The exact expression of CDF F i (05) is given as

1 1
} T {matNa

Mat P
Fom(0,) = _ Fin
i () T[] T[matNa ]

Qi Pa

r €y

|: My €Ep :| r |:mtr7 % Pthj|
My, —_—
! Qt'r Pth F[mtr]

Mty —1
oL E : Mai € M
t t
x 2 Q%t a ICmtrfi (2 at Cr r>
Qt,T Qat Pa Qtr

,i —1)% My, * Mat €r s
- S' Qtr Qat Pa

s=0
7l(mt,,.7i+s+1) m
(o)™ ()
Qat a
Mat Pen
XW_ 1y, —itst1),— L (men—its) [Qatpa]> . (34)

Equation is valid for the condition 1 — a — k?rg > 0, else () = L.

Moreover, the term F. s (ip5) can be obtained as

1 1 Mat Pth:|
Fat(pg) = ———————1" M, Naaii
Ve r (SD ) F[matNa] F[mtr] |: ¢ Qat Pa
Mty €p
T R .
X l:mt Qi Pth:| (35)

rso'f

Bn(l—a—k2rs)"
Proof: Please see
Hence, F,, .

in ([33). The final exact expression of Poyt, is obtained by substituting
and @) n @D,

where €, =

(ps) is obtained by incorporating the expressions in (34) and

Remarks: The expressions of Poytp and Poys,» can be validated for special
cases as given below.
Case 1: On assuming ideal hardware circuitry at all the nodes, i.e., k? = 0,

with the consideration of N, = N, = 1 and a linear EH model SWIPT receiver

16



at the secondary node, these expressions converge to those given in [43].

20 Case 2: When the impact of HIs at all the communicating nodes is taken into
account with a single antenna source and the linear EH enabled receiver at SN,
the derived OP expressions for both primary and secondary nodes reduce to the

expressions as derived in [45].

3.8. 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]
1
ST - 5 (Tb (1 - Pout,b) + 7 (1 - Pout,r) )a (36)

25 where Poygp and Poyy, are obtained in and , respectively.

8.4. 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 Y[z, z] =~ z [46] in solving the integrals forms given in 1)
z—0 %
(A.3) and (A.5), the asymptotic outage probability at primary node PNy, is

expressed as
sy _ 1 1 <mat ) MatNa
out;b r[matNa]F[mthb] MatNa \ Qat
Maqt Ng MatNa
Mp€p Py Myp
x| T N, — —
( {mtb b thpth:| (Pa > * (th)

MatNa
€p Mb€p
— r Ny — Mgt Na,
. <Pa> [mtb b Mhat thPth}>

1

MatNg

Mip€p
T Ny, ——— | [ T|matNo| —
+ |:mtb by thPth:| ( [m t ]

Mat N
Mat Pth are
X <Qat Pa> )) . (37)

17




Similarly, the asymptotic outage probability at secondary node SN,, is given as
,Pasym _ 1 1 Mat arNa
out,r ™ F[matNa]F[mtr] matNa Qat
MatNa MatNa
Mir€r Pth ! My
T Zth
< |:mtT7 QtrPth:| <Pa ) * <Qtr>
€ Mgt Ng M€
- r T a Na brr
(&) e g

Mir€r 1

T T F a Na -
- |:mt QtTPth:| ( [m ! ] MatNqg

MatNa
Mat Py B
. 38
(Qat Pa) )) ( )

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

X

X

3.5. Optimization

1) outage probability minimization at primary node, and 2) system throughput
20  maximization. Under these two problems, we seek to obtain the optimal values

of PS factor (8) and spectrum sharing factor («) 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 PNp. As the asymptotic OP expression is found
25 tight (demonstrated in Section 4), it can be considered to investigate the opti-

mization problem of OP minimization at primary node.

Therefore, we can formulate the primary OP minimization problem as

P1: minimize P27 (39)
,3 o

p ut,b
s.t.  (Power splitting constraint):
Ci:0<p<1
(Spectrum sharing constraint):
Cy: a"<axl

where o* is the critical value of o above which the relayed link outperforms

the direct link. o* varies with the considered set of system parameters and is
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obtained as shown in Fig. [7]in Section[d The outage probability of primary link
is convex as its Hessian is found to be positive definite as given in

and thus the corresponding unconstrained minimization problem can be solved

. o . gpasym opasym
from the zero-gradient conditions [47] i.e., —g2=* = 0 and —gz=* = 0, where

pasym gpasym
gett- and gg’b are given in l) and 1) respectively.
2) Problem formulation for mazimizing 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 Sp (40)

a,
s.t.  (Power splitting constraint):
Ci: 0<p<1
(Spectrum sharing constraint):
Cy: a*<axl
(QoS constraint):

. max
C3 . Pout,b S out,b

Here, P77 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 Cs 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(ﬂ,a:)\h)\g,)\g) =St + M\ (1—/3)+>\2(1—04)

+ A ( Z;Zttlj% - Pout,b) , (41)

where A1, Ay and A3 are the Lagrangian multipliers for the problem constraints

C1,Cq and Cj respectively. Thus, the optimal condition is given as,

VL (B,Ot : )\1,)\27>\3) =0. (42)
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The complementary slackness conditions are expressed as

(1= B) =0, (43)
Ao (1—a) =0, (44)
A3 ( (T;tli - Pout,b) =0. (45)

The non-negativity conditions of the Lagrangian multipliers based on the con-
straints is given as A\; > 0, Ay > 0 and A3 > 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-
imum throughput. It is apparent from the complementary slackness conditions
that when Ay, A2 # 0, it results in 5 = « = 1, which is not a feasible solution
for the considered system model and hence A;, Ao = 0. When A3 # 0, solving
the equations obtained from and 7 the feasible solution is obtained for

the maximization problem where A3 satisfies the non-negativity condition.

4. Results and Discussion

A 2-D network topology is considered wherein the primary nodes PN, and
PNy are placed at coordinates (0,0) and (4,0) respectively, while the secondary
nodes SN; and SN, are assumed to be at (2,0) and (2,2) respectively. A path
loss model with path loss exponent v = 3 is adopted and hence the variances of

—V

channel gains are defined as €;; = d; i where d;; is the distance between two

nodes i and j. Moreover, it is assumed that o = 07 = 02 = Uff = 0? and the
transmit SNR is defined as P,/0?. The threshold power of the non-linear EH
circuit Py, is set as -10dBm, noise power at the primary and secondary nodes is
considered to be -40dBm and n = 0.7. Further, N, = N, = 2 unless otherwise
mentioned in the figure. The remaining parameters which vary with each figure
are defined therein. As depicted in Table [I} for the considered set of system
design parameters, the infinite series involved in and are truncated

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

decimal places) in all the analytical results.
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Table 1: Number of terms required in infinite series of 1' and 1i for achieving accuracy

up to first seven decimal places.

Poy,p in (28 Poyt,r in (31
Index s
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

« I5) « I5)
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 transmission
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-
ter energy conversion efficiency 7, 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. [ represents the OP curves for primary link with varying target rate
for different HI levels. We can observe that the outage performance degrades

with increasing HI levels (denoted by k?) because Hls contribute to increased
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Figure 4: OP versus r}, 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). Hence
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 k? = 0.2, the primary
link is not in the outage for r, < 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 7, should be below 0.32 bps/Hz.

Fig. o[ shows the OP for secondary link with varying « for different & and
fading scenarios. It can be seen from this figure that increasing fading severity
parameter improves the OP performance due to better link reliability, while

increasing k? results in poor OP performance due to increased distortion noise.
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Also, OP is improved with increasing transmit SNR. Furthermore, the spectrum
sharing factor o shows a significant impact on the OP of secondary node. For
higher values of «, the OP increases drastically due to higher fraction of power
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 OP
is obtained for the given set of input parameters when o = 0.75 and 8 = 0.27.
Apparently, from the considered range of «, the obtained optimal value of « 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 8 value implies that the major
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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versus spectrum sharing factor « for different target rates. OP of the direct
transmission link is also plotted in this figure. From this plot, we can obtain
the value of the spectrum sharing factor above which the relayed link performs
better compared to the direct link. This value of «, i.e., o is called as critical
value which plays a key role in ensuring effective spectrum sharing. Also, o*
increases with the target rate because an increase in the target rate needs higher
transmit SNR. Thus, the power allocated for the primary signal transmission
(determined by «) will increase.

Fig. [§] shows the system throughput curves with varying PS factor 3, 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 certain
range of 3, so that the OP at primary and secondary nodes together contribute
to maximum system throughput. The feasible range of g lies between 0.7 to 0.9
corresponding to the considered target rate and transmit SNR.

Fig. [0 discloses the behavior of system throughput with varying o and 3
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s values. It is evident from the plot that the system throughput variation for a
given set of system parameters is loosely concave. Maximum system throughput
can be achieved by considering a particular set of of a and S values, which are
obtained by solving the optimization problem P2. Here, /Pgﬁfﬁ; is assumed to
be 0.005. The corresponding optimal values obtained for different target rates

s and transmit SNR are given in Table 2| It is observed that, as the target rate

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-
us  based CRN with multiple antennas at PNs. First, we proficiently obtained the
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

0 to analyze the system performance. Two optimization problems, minimization
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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 antenna
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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Appendix A.

Let X = |hq¢|? and Y = |hsp|? be the Gamma distributed random vari-
MatNa " my
ables whose PDF's are defined as [41] fx(z) = <m‘“) U gratto :

Qat T[matNg] e at l‘, x Z
_ m
0 and fy(y) = (—&th

E,

Mep Ny oy Npy—1 ™Mb .
) ¥ "% Y y > 0, respectively. The term

(pp) is formulated as,

a,t

(A.1)

F,. (gs) = Pr [X _ el(1=Poi + aé)}

(1 - ﬂ)Pa(l - k2‘;0b)
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375

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

D).
Furthermore, the CDF of F—y;{g(@b) can be formulated using as,

afnP, XY
Fo (o) =P P,X < P,
iy (o) =Pr {(1 T ot R BP XY + o7 Fr et S b
1 P,

— Pr [X<gy,X<Pth}, (A.2)
where ¢, = ﬂn(a_(ﬁi}q_w)%). Hence, F s (i05) is expressed in integral form as
follows.

p Pth
Pty Pq
Foin () = / fy (y)dy / fx (z)dx
’ y=0 =0
Joo -
o[ ety [*7 fe@as, (4.3)
y:ﬂ x=0

Applying the necessary mathematical manipulations as in [39, eqs. (3.381.6)
and (3.471.9)], the above integral is solved as in . The CDF of Fa(ip) is

given as,

afnPyY
(1—a+k?)BnPyY + o}

€ Py,
=Pr|lYy<—,X>—|.
|: Pth Pa:|

F,.y:)abt (sﬁb) =Pr |: < QOb,PaX > Pth:| )

(A.4)

The above probability expression is formulated in integral form as follows.
. b
th
va"‘;(%@b) = / , fX(x)dx/ fy (y)dy. (A.5)
’ x:%;‘ y=0

Using [39] eqgs. (3.351.1) and (3.351.2)], the above integral is solved as given in
27).

Appendix B.

Assuming, Z = |h;,|? is a Gamma distributed random variable with PDF

() = (gy) b Zl:,[,;;]l ef%z’ z > 0, the CDF of F,Y%{,;(@s) using is
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formulated as

€r
ﬂ%@Q—P{XZ<Rf&X<R4,
67-1 Pth
=Pr| X<——, X< — B.1
(X< ppxsie) (B.1)

where ¢, is defined after . This probability expression is formulated in
integral form as

€y Py
Py

Fasled = [ 2z [ px(@ae

er 1

[ g [T e, 52)

=0

The above integral is solved similar to 1} to obtain F. i (05) as given in .
Using , the CDF of F st (ip5) is given as

(1—a)BnPmZ

Fo(g) = Pr |02 ) p oy~ p |,
o) = Pr [T )

€r Pth:|
=Pr|Z<—,X>—/]. B.3
[ Pth Pa ( )
The corresponding integral form is expressed as
oo ;:
Falod = [, fxis [ fa(eie (5.4
m:%ﬂ‘ z=0

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 Pioiy with respect to the two variables a and 3 as

oy oot 1
Oa TmaeNa|T[mapNy) (o — @p (1 — o+ k2))
m¢p Np
_Mib b My €p 1
X e b Prh —_— +
(th Pth) DmatNg + 1T [, Np)

m MatNg 1
at
X — +1
<Q> ( ) - at i)
(pth>mafNa Cm e <mtb € )mN
X [ — e %b Pth | —— ——
P, Qi Pin

_myp €p M mp No e MatNg
+e D Pu (o + 1) o <Pa
y ( € )mthbmatNa - op + 1

P (0 — ¢y (1 — a+ k2))

My MmatNg € MatNq
X matNa —_ -
th Pa

% T {mthb — gt Ny, g”:;:D . (C.1)
th 1%
OPoh 1 1 —mw (mtb €p >mthb
= — | e 2t Pin
0p F[matNa]F[mthb] B Qu P

1 <mat>matNa Cmyy e <Pth>matNa
+ —e b Peon [ ——
matNa Qat Pa
N N,
My € mip Vb _?;tb ;7b o MmNy
X _— + e tb Pth _
Qup Pin Qup
atNa Np—maitNa
€ Mat €b Mip N —Mat
X —_— JE—
Pa Pth
Mat Na MatNa
My €b
mae (g, P
tb a

My €p
x T Ny —mg Ny, — — . C.2
|:mtb b atiVa, Qu Pth])) ( )
From the above two expressions, the second derivatives of sz}tn; for the Hessian

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

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

9rpasym _
out,b 1 1 e (1 + ¢p)>
oo —p (1 — a+k2)) T[maeNa]T[mep Np)

e € M € mep Ny 1 m Mgt Na
< 1+m N, - T S ) ; ( )
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