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ABSTRACT In this paper, we investigate an overlay cognitive radio network (CRN) in which one user is
selected among multiple secondary users (SUs) to harvest energy from primary transmissions using a time-
switching protocol. Based on a power allocation scheme, the selected user utilizes a portion of the harvested
energy to assist the primary user (PU) in forwarding its messages to a primary receiver, while the remaining
portion is used to transmit its own information in exchange for this cooperation. Specifically, we evaluate
the reliability of both the primary and secondary networks in terms of the outage probability. Moreover, both
the time switching and power allocation factors that maximize the users’ data rate are optimized.

INDEX TERMS Amplify-and-forward relaying, cognitive radio networks, energy harvesting, homogeneous
Poisson point process (HPPP) distribution.

I. INTRODUCTION
The issue of spectrum under-utilization imposed by fixed
spectrum allocation policies has been addressed through the
development of cognitive radio (CR) technology [1].With the
explosive growth of wireless applications and services for the
fifth generation (5G) and beyond networks, the demand for
this technology has become crucial more than ever. There are
two types of users in the context of cognitive radio networks
(CRNs) viz. primary users (PUs) and second users (SUs) [2].
PUs are users that have been granted a license to operate in
specified bands of the spectrum, whereas SUs are unlicensed
users seeking to access the licensed bands. Three access
modes can be exploited by the SUs to access the licensed
bands viz. interweave, underlay and overlay [3], [4]. In the
interweave mode, the SUs are allowed to access the licensed
band through spectrum sensing as long as the bands remain
vacant [5]. In the underlay mode, concurrent transmissions of
both the PUs and the SUs are allowed on the condition that the
interference caused by the latter is not beyond a threshold [6].
In the overlay approach, the SUs can access the licensed band
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and in return, act as a relay node for the PU [7]. Relaying
the PUs messages concurrently with the SUs messages in the
overlay access mode consumes additional energy. As a result,
the energy consumption issue in this paradigm needs to be
addressed, especially for energy-constrained applications.

Energy harvesting (EH) has recently emerged as a viable
solution to prolong the lifetime of energy-constrained sys-
tems [8], [9], [10]. Among the various EH techniques, simul-
taneous wireless information and power transfer (SWIPT)
is an effective approach that is based on the notion that
both the energy and information can be carried simulta-
neously through radio frequency (RF) signals [11], [12].
The implementation of the SWIPT technique can be accom-
plished either through power splitting (PS), time switch-
ing (TS), or antenna selection (AS) protocols. The time
frame of a communication process adopting the TS protocol
is mainly partitioned into two-time slots. During the first
time slot, the receiver harvests energy from the surrounding
received signals, while in the second time slot, the device
forwards the messages to the intended destination using the
harvested energy [13]. Integrating EH with CRNs has the
advantage of improving both spectral efficiency and energy
efficiency [14].
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Recent studies have focused on implementing EH with
CRNs to fulfill some criteria of future wireless networks.
For instance, several reported works have investigated the
integration of EH techniques in underlay CRNs (see [15],
[16], [17], [18], and [19] and the references therein). From
a security point of view, certain papers have focused on
improving the security of underlay CRNs through EH, such as
in [12], [14], [20], and [21], due to the elevation in the security
concerns in 5G and beyond networks [22], [23]. In contrast
to the underlay mode, the interference from the secondary
transmissions on the primary network can be counteracted
in the overlay mode. Additionally, the PU’s performance
is greatly improved due to SU relaying. Owing to these
benefits, the adoption of EH-based on overlay CRNs is of
utmost importance for the development of next generation
wireless networks. However, few studies in the literature have
paid attention to the analysis of EH-based overlay CRNs.
For instance, the work in [24] considered a system wherein
cooperation between a pair of SUs and PUs exists with
the former users scavenging energy from the latter users
through the PS protocol. The performance analysis of the
underlying system was further studied in terms of the out-
age probability and energy efficiency. In [25], the authors
investigated the performance of a system where the SU har-
vests energy by adopting a TS protocol for the transmis-
sion of the PU’s information through a decode-and-forward
(DF) relaying strategy. In return for this favor, the SU is
allowed to access the licensed band for its own information
transfer. In [26], Zhou et al. studied the optimized PS fac-
tor to improve the reliability of an overlay CRN where the
PU harvests energy from the SUs’ transmissions. In [27],
Solanki et al. investigated the performance of a multiuser
overlay CRN with EH based on a piece-wise linear model.
Moreover, in [28], cooperation between SUs and PUs is
explored, assuming a wireless-powered cooperative CRN and
two multiple access algorithms for the SUs: non-orthogonal
multiple access (NOMA) and time-division multiple access
(TDMA). In this work, SUs assist PUs by wirelessly charging
them in return for access to the licensed band. The PUs
harvest energy from the SUs’ transmissions and utilize it
to forward their own transmissions to the PU destination.
Similarly, in [29], a collaboration between PUs and SUs is
implemented, in which PUs harvest energy from the transmis-
sions of SUs while considering two strategies to coordinate
the information transmission of the PU and the SU, namely
subcarrier sharing (SS) and subcarrier exclusivity (SE).

Different from the above works, we consider an EH-based
overlay CRN with multiple randomly distributed SUs [30].
To the authors’ best knowledge, no prior work in the literature
has investigated the impact of randomly placed SUs in the
development of an energy- and spectrum-efficient system
design, particularly for overlay access modes. This is the gap
the proposed work aims to fill. The significance of assuming
random positions for the SU relays will be shown in this
paper. For instance, we allow k (the selected SU) to be vari-
able and analyze its effect on overall performance. In addi-

tion, we examine the impact of the SUs relay density (φ) on
system performance and the outage probability when PUs and
SUs exist in regions dense with relays, as will be shown in
the numerical results section. Moreover, assuming multiple
SUs has a significant impact on the network continuity for
both SUs and PUs. In certain cases involving several SUs,
for instance, the first, second, and third closest SUs may
no longer be available for transmission owing to unstable
connections. Therefore, the fourth-closest SUmay be utilized
to relay the PUs’ messages, ensuring that the connection
is maintained. This highlights the necessity of randomly
assigning locations to multiple relays. Herein, we propose
an overlay CRN in which two PUs exchange information
via one SU which acts as a relay, and is selected based on
the Euclidean distance from a set of multiple randomly dis-
tributed SUs assuming a homogeneous Poisson point process
(HPPP) distribution [31]. The reliability of both the primary
and secondary networks is analyzed in terms of the outage
probability. In addition, two optimization problems are for-
mulated to (1) maximize the SUs’ rate while ensuring the
PUs’ rate is maintained above a threshold; (2) to maximize
the sum rate of both networks.

The rest of the paper is organized as follows; the system
and channel models are presented in Section II. The outage
probability analysis is studied in Section III. In Section IV,
the optimization problems are presented. Section V includes
and discusses the numerical results. Finally, conclusions are
given in Section VI.

II. SYSTEM MODEL
Assume we have a primary user (PU) transmitter (PU-Tx)
communicating with a PU receiver (PU-Rx) as shown in
Figure 1 [30]. Due to the unavailability of a reliable link
between the PUs, secondary users (SUs) are assumed to
assist the primary users (PUs) in forwarding their messages
in exchange for the use of a licensed band. We assume that
M SUs are distributed according to a homogeneous Poisson
point process (HPPP) with a density φ. One of the SUs is
selected based on the k th nearest to PU-Tx. Moreover, the
selected SU is permitted to harvest energy fromPUs transmis-
sions using the TS protocol via the channel hSR. In addition,
the selected SU performs as an amplify-and-forward (AF)
relay, in which it amplifies the PUs’ messages and forwards
them to the PU destination along with its own messages to its
receiver (SU-Rx). We assume that the SUs are distributed in
an unbounded Euclidean space of dimension U .

Figure 2 shows the time frame of the TS-EH process.
During the first time slot (ρT ), the selected SU (Rk ) harvests
energy from the PUs messages with the energy harvested (Es)
given by

Es =
ρηPsT |hSR|2

dPL
, (1)

where Ps is the transmission power at PU-Tx, 0 < ρ < 1 is
the time switching factor, d is the distance of a randomly
distributed SU from PU-Tx, PL is the path loss exponent, η
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FIGURE 1. System model.

represents the energy conversion efficiency coefficient, and
T is the transmission time slot. Using (1), the transmission
power at Rk (PR) is given by

PR =
Es

(1− ρ)T
=
ρηPs |hSR|2

(1− ρ)dPL
. (2)

The received message at the k th random SU is given by

yR,k =

√
Ps
dPL

hSRxp + nR, (3)

where xp is the PUs’ transmitted message and nR is the
additive white Gaussian noise (AWGN) at the SU relay with
a zero mean and a variance N0. During the second time slot
((1− ρ)T ), the selected SU (Rk ) amplifies the PUs’messages
and combines them with its own messages to be transmitted.
These messages are received by both receivers, i.e., PU-Rx
and SU-Rx. Given this, the received message at the PU-Rx is
given by

yD = βyR,khRD +
√
(1− α)PRhRDxs + nD, (4)

where xs is the transmitted SUs’ messages and nD is the
AWGN at PU-Rx with a zero mean and a variance N0. α
represents a power allocation factor, in whichαPR is allocated
to transmit the PUs messages, while the rest ((1 − α)PR)
is used to transfer the SUs’ messages. Moreover, β is the
amplification factor of Rk given by

β =

√
αPR

PsgSR
dPL + N0

. (5)

Without loss of generality, we assume that the noise variance
(N0) has a very low value compared to the fraction in the
denominator of (5) at high signal-to-noise ratio (SNR), which
is PsgSR

dPL . That is, PsgSRdPL � N0, and thus the term N0 becomes
negligible and can be ignored in the analyses [24], [32], [33],
[34]. Hence, (5) can be approximated as

β ≈

√
αPR
PsgSR
dPL

. (6)

Substituting (3) into (4), the received message at the PU-Rx
is expressed as

yD = β

√
Ps
dPL

hSRxphRD +
√
(1− α)PRhRDxs

+βhRDnR + nD. (7)

Given (6) and (7), the instantaneous received signal-to-
interference-plus-noise ratio (SINR) at PU-Rx is expressed
as

γD =
β2gRDgSR

Ps
dPL

N0gRDβ2 + gRD(1−α)PR+N0

. (8)

It is worth mentioning that PU-Rx treats the SUs messages
as interference. Hence, substituting (2) and (6) into (8) and
performing mathematical manipulations yields

γD =
a gRDgSRdPL

bgRD + c
gRDgSR
dPL + N0

, (9)

where a = αρηPs
1−ρ , b = N0αρη

1−ρ , and c = (1−α)ρηPs
1−ρ . Moreover,

the received message at SU-Rx is given by

yS =
√
(1− α)PRhRExs + ns + βyDhRE , (10)

where xs is the SUs’ transmitted messages and ns is the
AWGN at SU-Rx with a zero mean and a variance N0.
Using (10), the received SINR at SU-Rx is given as

γS =
q gREgSRdPL

egRE + w
gREgSR
dPL + N0

, (11)

where q = (1−α)ρηPs
1−ρ , e = N0αρη

1−ρ , and w = αρηPs
1−ρ . Accord-

ingly, the data rates achieved at PU-Rx and SU-Rx are given,
respectively, as

RP = (1− ρ)T log2(1+ γD), (12)

RS = (1− ρ)T log2(1+ γS ). (13)

We assume that all links follow the Rayleigh fading model.
Hence, the channels power gain (gm), for m = SR,RD,RE
follow the exponential distribution with λm being the fad-
ing coefficient. The probability density function (PDF) and
the cumulative distribution function (CDF) of gm are given,
respectively, as

fgm (x) = λm exp (−λmx), (14)

Fgm (x) = 1− exp (−λmx). (15)

As mentioned earlier in the paper, in our analysis, the k th

nearest SU to PU-Txwill be selected to forward themessages.
This is performed by measuring the Euclidean distance from
PU-Tx to each of the SUs. The PDF of the path loss dPL for
the k th nearest SU is distributed as [35]

fdPL (x) = exp
(
−Aexδ

) δAkexδk−1
0(k)

, (16)

where Ae = πφ and δ = U
PL .
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FIGURE 2. Frame structure of TS-based SWIPT in the proposed cognitive
radio network.

III. OUTAGE PROBABILITY
The outage probability (OP) is defined as the probability that
the data rate is lower than a predetermined rate threshold
(Rthi), for i = {p, s}. Given this, Rthp represents the threshold
for the PUs’ link, whereas Rths denotes the rate threshold for
the SUs’ communication. The outage probability is given by

OP = P(Rj ≤ Rthi), (17)

where P(·) denotes the probability operator and j ∈ (P, S).
In this section, the outage probability for the PUs and SUs
links is evaluated to reveal the reliability of the considered
communication system.

A. OUTAGE PROBABILITY OF THE PRIMARY USERS’
NETWORK
Considering the outage probability to assess the PUs com-
munication quality is significant since the PUs receive their
own messages in addition to the SUs messages, which are
regarded as interference. The outage probability for the PUs’
link is evaluated in this section by rewriting (17) using (12)
and (8) as

OP = P(agRDgSR ≤ bJgRDdPL + JcgRDgSR + N0JdPL)

= P
(
gSR ≤

bJ
a− Jc

dPL +
N0J

(a− Jc)
L
)

=

∫
∞

0

∫
∞

0
FgSR (c1z+ c2l) fdPL (z)fL(l)dzdl, (18)

where J = 2
Rthp

(1−ρ)T − 1, c1 = bJ
a−Jc , c2 =

N0J
a−Jc , and L =

dPL
gRD

.
First, one needs to obtain the PDF of the variable L as

fL(x) =
∫
∞

0
yfdPL (xy)fgRD (y) dy· (19)

Substituting (16) and (14) into (19) for m = RD yields

fL(x) =
δAkeλRD
0(k)

xδk−1
∫
∞

0
yδkG 1 0

0 1

(
−

0

∣∣λRDy)
×G 1 0

0 1

(
−

0

∣∣Aexδyδ) dy, (20)

where G m n
p q

( ar
bs

∣∣z) is the Meijer G-function defined in [36,
Eq. 9-301]. Using [37, eq. (2.24.1.1)], the PDF of L is found
as

fL(x) = c3xδk−1G 1 δ
δ 1

(
−k
0

∣∣∣∣∣AexδδδλδRD

)
, (21)

where c3 =
δ1.5+δkAkeλ

−δk
RD

0(k)(2π )(δ−1)0.5
. The outage probability of the PUs’

link given in (18) is expressed as

OP =
c3δAke
0(k)

∫
∞

0

∫
∞

0

[
1− exp−λSR(c1z+c2l)

]
× exp

(
−Aezδ

)
zδk−1lδk−1G 1 δ

δ 1

(
−k
0

∣∣∣∣∣AelδδδλδRD

)
dzdl

= 1−
c3δAke
0(k)

I1I2, (22)

where I1 and I2 are respectively given by

I1 =
∫
∞

z=0
zδk−1G 1 0

0 1

(
−

0

∣∣λSRc1z)G 1 0
0 1

(
−

0

∣∣Aezδ) dz, (23)

I2 =
∫
∞

l=0
lδk−1G 1 0

0 1

(
−

0

∣∣λSRc2l)G 1 δ
δ 1

(
−k
0

∣∣∣∣∣AeδδlδλδRD

)
dl.

(24)

Using [37, eq.(2.24.1.1)], I1 and I2 are respectively solved as

I1 =
δδk−0.5

(2π )(δ−1)0.5 (c1λSR)δk
G 1 δ
δ 1

(
1(δ,1−δk)

0

∣∣∣∣ Aeδδ

(λSRc1)δ

)
,

(25)

I2 =
δδk−0.5

(2π )(δ−1)0.5 (c2λSR)δk
(26)

×G 1 2δ
2δ 1

(
−k,1(δ,1−δk)

0

∣∣∣∣ Aeδ2δ

(λSRλRDc2)δ

)
,

where 1(δ, 1− δk) = 1−δk
δ
, 2−δk

δ
, · · · , δ−δk

δ
.

-Asymptotic Outage probability of the PUs’ Link:
Herein, the asymptoticOP for the PUs’ link is evaluated as

the PU transmission power takes very high values. First, one
must rewrite I1 in (25) as

I1 =
D
Ak
G 1 δ
δ 1

(
1(δ,1−δk)

k

∣∣APδs) , (27)

whereD = δδk−0.5

(2π )(δ−1)0.5lδk1
, A = Aeδδ

(λSRl1)δ
, and l1 =

bJλ−δkSR
αρη
1−ρ−J

(1−α)ρη
1−ρ

.

Transforming (27) into its integral form yields

I1 =
D
Ak

∫
C
0 (k − s) 0

(
1−

1
δ
+ s

)
0

(
1−

2
δ
+ s

)
· · ·

×0(s)AsPδss ds. (28)

It is seen that as Ps→∞, I1→∞. Hence, the asymptotic
expression of I1 is evaluated using the residuemethod defined
in [38] as

IAsymp1 ≈
D
Ak
0(k)0

(
1−

1
δ

)
0

(
1−

2
δ

)
. (29)

Similarly, I2 is approximated as

IAsymp2 ≈
B
Lk
0(k)0

(
1−

1
δ

)
0

(
1−

2
δ

)
, (30)
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where B = δδk−0.5

(2π)(δ−1)0.5lδk2
, W =

Aeδ2δ

(λSRλRDl2)δ
, and l2 =

N0J
αρη
1−ρ−J

(1−α)ρη
1−ρ

. Given (37) and (38), OP is finally approxi-

mated as

OPAsympP ≈ 1−
c3δAke
0(k)

IAsymp1 IAsymp2 . (31)

It is evident from (31) that the asymptotic outage probabil-
ity is independent of Ps. This demonstrates that once the
PU transmission power exceeds a certain level, there is no
advantage to increasing it further. This is because the system
no longer benefits from the power’s impact on the system
reliability. This result will be further clarified and investigated
in the numerical results section.

B. OUTAGE PROBABILITY OF THE SECONDARY USERS’
COMMUNICATION
Given the fact that the SU receiver also receives PUs mes-
sages that are superimposedwith its own, it is critical to assess
the SUs link’s outage probability. The outage probability of
the SUs link is evaluated using (17), which is expressed in
terms of (11) and (13) as

OP = P
(
gSR ≤ d1

dPL

gRE
+ d2dPL

)
, (32)

where d1 =
εNo
q−εw , d2 =

εe
q−εw , and ε = 2

Rths
(1−ρ)T −1. Following

the same procedure to find (22), the OP of the SUs’ link is
expressed as

OP = 1−
d3δAke
0(k)

H1H2, (33)

where d3 =
δ1.5+δkAkeλ

−δk
RE

0(k)(2π )(δ−1)0.5
. Following the same procedure

utilized to derive I1 and I2, H1 and H2 are found, respectively
as

H1 =
δδk−0.5

(2π )(δ−1)0.5 (d2λSR)δk

×G 1 δ
δ 1

(
1(δ,1−δk)

0

∣∣∣∣ Aeδδ

(λSRd2)δ

)
, (34)

H2 =
δδk−0.5

(2π )(δ−1)0.5 (d1λSR)δk

×G 1 2δ
2δ 1

(
−k,1(δ,1−δk)

0

∣∣∣∣ Aeδ2δ

(λSRλREd1)δ

)
. (35)

-Asymptotic Outage probability of the SUs Link:
We evaluate the outage probability of the SUs link as the

transmission power of the PU transmitter is asymptotically
large, i.e., as Ps→∞. This is performed to observe the effect
of the PUs transmission power on the received SUsmessages’
quality. Setting Ps→∞ and performing the approach to find
the asymptoticOP for the PUs’ link, theOP for the SUs’ link
is approximated as

OPAsympS ≈ 1−
d3δAke
0(k)

HAsymp
1 HAsymp

2 , (36)

where HAsymp
1 is given as

HAsymp
1 ≈

D′

A′k
0(k)0

(
1−

1
δ

)
0

(
1−

2
δ

)
, (37)

with D′ = δδk−0.5

(2π )(δ−1)b∗ l′δk1
, A = Aeδδ

(λSRl′1)
δ , and l

′

1 =
eελ−δkSR

(1−α)ρη
1−ρ −ε

αρη
1−ρ
.

Moreover, HAsymp
2 is expressed as

HAsymp
2 ≈

B′

L ′k
0(k)0

(
1−

1
δ

)
0

(
1−

2
δ

)
. (38)

with B′ = δδk−0.5

(2π)(δ−1)0.5l′δk2
, W ′ = Aeδ2δ

(λSRλRE l′2)
δ , and l ′2 =

N0ε
(1−α)ρη
1−ρ −ε

αρη
1−ρ
.

As seen from (36), when the PU transmission power is
very large, the outage probability of the SUs link becomes
independent of this power. This illustrates that the outage
probability reaches its lowest level as Ps takes very high
values. This effect will be investigated in the numerical results
section.

IV. OPTIMIZATION PROBLEMS
Given that increasing the data rate reduces the probability
of an outage, the primary goal of this section is to improve
the networks’ data rate in two distinct scenarios. We begin
by optimizing the time switching factor (ρ) and the power
allocation factor (α) that maximize the data rate of the SUs
link while respecting the PUs’ rate constraint. Following that,
we optimize the same parameters that maximize the sum rate
(RS + RP) to enhance the reliability of both networks. It is
worth noting that by optimizing ρ, one may manage the time
slots dedicated to energy harvesting and the time allocated to
amplifying the user’s messages via the AF protocol. Further-
more, optimizing α enables the evaluation of the amount of
power required to transfer the messages of each network, and
hence the amount of interference affecting each network.

A. MAXIMIZING THE SECONDARY USERS DATA RATE
In this section, the time switching factor (ρ) and the power
allocation factor of Rk (α) are optimized with an objective of
maximizing the SUs’ rate while ensuring that the PUs’ rate is
maintained above a certain threshold (Rpt ). This demonstrates
that the SUs link’s reliabilitymay be improvedwhile ensuring
that the PUs’ reception quality standards are met. Given this,
the optimization problem is formulated as

P1 : max
ρ,α

RS (39)

s.t. 0 < ρ < 1, (40)

0 < α < 1, (41)

RP ≥ Rpt . (42)

This problem is clearly a non-convex one since it is a non-
linear mixed-integer optimization problem, and hence, it is
hard to be solved directly. Instead, it can be shown that it
is a biconvex problem in ρ and α. As the term suggests,
a biconvex problem is the one that is convex in α for a given
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TABLE 1. Algorithm of solving a biconvex optimization problem.

value of ρ, and convex in ρ for a fixed α. This can be easily
shown by several methods, such as plotting the functions on
Matlab. Similar to [24], this type of problem can be solved
using the algorithm described in Table 1. As mentioned in the
table, one can use the Lagrangian approach to find the optimal
value of ρ and α. The Lagrangian of P1 can be expressed as

L (ζ, ξ1, ξ2, ξ3) = RS + ξ1(ζ − 1)+ ξ2(−ζ )

+ ξ3(Rpt − RP), (43)

where ξ1, ξ2, and ξ3 represent the dual variables associated
with the constraint on ζ , for ζ ∈ (ρ, α), and the PUs’ rate
in (42), respectively. Then, the Lagrange dual function of
P1 is expressed as

L (ξ1, ξ2, ξ3) = max
ζ

L (ζ ; ξ1, ξ2, ξ3) . (44)

Using the partial derivative and the method of the gradient
descent, the values of ρ∗, α∗, ξ1, ξ2, and ξ3 are found.

B. MAXIMIZING THE SUM RATE
In this section, the time switching factor and the power
allocation factor which maximize the sum rate (RS + RP)
are evaluated. Optimizing the sum rate has the potential to
increase the reliability of both networks by lowering their
outage probability. This optimization problem is formulated
as

P2 : max
ρ,α

RP + RS (45)

s.t. 0 < ρ < 1, (46)

0 < α < 1. (47)

The sum rate is a biconvex function and thus this problem can
be solved using the methodology described in Table 1.

V. NUMERICAL RESULTS
In this section, our theoretical analyses and Monte-Carlo
simulations are presented. Assume a two-dimensional (2D)
area (U = 2) and a HPPP distribution of the relays locations.
105 realizations of the positions of the relays are generated in
a square area of a side of 20 meters (m). Moreover, to take the
distance between the nodes into account, we let d−PLxy =

1
2λxy

,
in which dxy is the distance between nodes x and y, with
xy = {SR,RD,RE}.
Figure 3 presents the outage probability of the PUs’ link

versus the density of SUs. It is observed that when the number
of SUs increases in the network, the reliability of the PUs

FIGURE 3. Outage probability of the PUs link versus the density of the
SUs relay for different values of k . ρ = 0.5, PL = 2, λRD = 0.5, λSR = 0.5,
T = 1, Rthp = 0.5, Ps = 5 dB, α = 0.8, N0 = 1, and η = 0.8.

transmission improves. This is owing to the fact that the more
densely populated the area is with SUs, the more likely it
is to have an SU closer to the PU transmitter with superior
channel characteristics. Moreover, in contrast to the fourth
nearest user (k = 4), selecting the first closest SU to the PU
transmitter, i.e., k = 1, has the greatest impact on improving
the performance of the PUs’ communication. That is, there
is a larger probability that the closest user will be able to
effectively deliver the PUs messages. However, in certain
scenarios, the fourth nearest SU can be used to forward the
PUs’messages in an instancewherein the first nearest, second
nearest, and the third nearest SUs are no longer available for
transmission. This demonstrates the critical role of assuming
several relays with randomly assigned locations.

Figure 4 illustrates the outage probability of the PUs’
communication against the time switching factor (ρ). It is
observed that the outage probability is a convex function
of ρ. As ρ increases, demonstrating more time is allocated
for harvesting energy, a higher SNR is achieved at the PU
receiver and consequently a better system performance. How-
ever, beyond the minimum value of ρ, the system’s reliability
worsens. This depicts the scenario in which the time slot left
for amplifying the PUs messages and forwarding them to
the destination (1 − ρ) is small. Additionally, as the energy
harvesting efficiency coefficient (η) increases, the outage
probability reduces. This is because a greater η indicates
that the relaying SU is capable of harvesting more energy,
implying that more power is available for messages’ delivery.

Figure 5 reflects the impact of the SUs transmission on the
PUs’ communication. As mentioned earlier in this paper, the
PU receiver regards the SUsmessages as interference. Hence,
as (1−α) increases, which is the portion of SU relay’s power
dedicated to forwarding SUs messages, the PUs communi-
cation becomes more susceptible to outages. In addition, this
figure depicts the effect of the fading severity level of the hRD
channel on the PUs’ communication, as represented by λRD.
It is found that when λRD increases, the fading becomes more
severe, resulting in a poor reception at the PU destination.
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FIGURE 4. Outage probability of the PUs link versus the time switching
factor for different values of η. k = 1, PL = 2, λRD = 0.5, λSR = 0.5, T = 1,
Rthp = 0.4, PL = 2, Ps = 5 dB, α = 0.8, N0 = 1, and φ = 1.

FIGURE 5. Outage probability of the PUs link versus the interference
caused by the SUs transmissions. k = 1, δ = 1, λSR = 1, T = 1, Rthp = 0.2,
Ps = 5 dB, η = 0.7, ρ = 0.6, N0 = 1, φ = 100, and k = 1.

Figure 6 depicts the impact of the PUs transmissions
on the quality of the SUs’ communication. As the propor-
tion of the relay’s power dedicated to PU transmission (α)
increases, the probability of an outage in the SUs’ com-
munication increases. This is because as α rises, the SU
receiver becomes more subject to the interference caused
by the PUs transmissions. Additionally, as α increases, the
portion of power assigned to the SUs’ communication at the
relay decreases, raising the probability of a SUs’ transmission
outage. However, a higher α suggests that a greater amount of
the power is assigned to convey the PUs messages, resulting
in a lower PUs’ link outage probability. Finally, since the
same relay that forwards PUs’ messages also forwards SUs’
messages, as the density of the SUs relays increases, the
reliability of the SUs network improves.

Figure 7 reveals the significance of sharing in overlay
CRN. In this figure, we compare the overlay CRNwith direct
transmission, in which we presume that the PUs can com-
municate directly without the assistance of SUs. As shown
in the figure, when α is between 0.35 and 0.65, the overlay
CRN outperforms the direct transmission since the attained

FIGURE 6. Outage probability of PUs’ and SUs’ links versus SUs density.
k = 1, PL = 2, λSR = 1, λRD = 1, λRE = 1, T = 1, Rthp = 0.1, Rths = 0.1,
Ps = 5 dB, ρ = 0.6, η = 0.7, N0 = 1 and k = 1.

FIGURE 7. Outage probability versus α. k = 1, ρ = 0.5, η = 0.2, λRD = 0.5,
PL = 2, λSR = 0.5, T = 1, Rthp = 0.2, Rths = 0.2, Ps = 2 dB, φ = 5.
dSR = 0.5 m, dRD = 0.5 m, dRE = 0.5 m, N0 = 1, and dSP(direct) = 1m.

outage probability is lower. This applies to both SUs and
PUs networks. Moreover, it is evident that when α = 0.5,
both networks function similarly. In addition, when α <

0.5, the SUs’ communication reliability is greater than the
PUs’, however, when α > 0.5, the PUs’ reliability steadily
improves to surpass the SUs’. This illustrates the importance
of optimizing α to be able to decide how to distribute the
power of the SU relay and control the interference caused by
one network on another.

Figure 8 shows the outage probability of the SUs network
versus the transmission power of the PU-Tx (Ps). It can be
seen that as Ps increases, the outage probability decreases.
This is because as Ps increases, the amount of energy
harvested at the SU relay increases, leading to improved SUs’
link reliability. In addition, the figure shows the asymptotic
outage probability of the SUs’ link, which represents the
scenario when Ps approaches ∞. It is obvious that as Ps
reaches this value, the system is in optimal condition. This is
due to the fact that the harvested energy will be high, and thus
the received SINRwill be improved, resulting in a zero outage
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FIGURE 8. Outage probability of the SUs versus Ps. k = 1, η = 0.2,
λRE = 0.5, λSR = 0.1, T = 1, Rths = 1, PL = 2, α = 0.2, N0 = 1, and φ = 5.

FIGURE 9. Outage probability of the PUs versus Ps. k = 1, PL = 2, η = 0.9,
dSR = 0.5 m, dRD = 0.5 m, T = 1, Rthp = 0.4, α = 0.8, N0 = 1, and φ = 5.

probability. Moreover, one can notice that the outage proba-
bility agrees with the asymptotic one at high values of Ps.
Figure 9 illustrates the outage probability for the PUs link

versus the PU transmission power Ps. As Ps increases, the
PUs’ communication quality improves. This is attributed to
the fact that boosting the PU-Tx transmission power increases
the harvested energy at the assistant SU. As the amount of
energy gathered increases, the amplification factor increases,
resulting in a higher reception quality at PU-Rx. In addition,
the saturation that occurs at high Ps indicates that boosting
the power has no benefit after a particular level of Ps. This is
owing to the belief that as Ps becomes very large, the outage
probability becomes independent of this power and reaches
its optimum situation, i.e. OP ≈ 0. This is also confirmed
by the agreement between the outage probability at high Ps
and the asymptotic outage probability obtained in (36) as
Ps → ∞. Furthermore, despite the independence on Ps, the
results demonstrate that the overlay CRN outperforms the
direct transmission between PUs, i.e., without the assistance
of SUs.

When Ps is very high, the relay harvests a high energy and
this will reach us to the best system performance, in which the
OP approaches zero. In this case, the system i also indepen-

FIGURE 10. SUs’ rate link versus Ps. k = 1, η = 0.8, λRD = 1, λSR = 0.5,
λRE = 1, T = 1, Rpt = 0.5, N0 = 1, and φ = 1.

FIGURE 11. SUs’ rate link versus Ps. k = 1, η = 0.8, λRD = 1, λSR = 0.5,
λRE = 1, T = 1, Rpt = 0.1, N0 = 1, and φ = 1.

dent of PR, which means that is the PU-Tx is able to increase
its transmission power to a very high value without impact
other PUs, no need for sharing. This also means that after a
certain value of Ps, no need to increase it to make the outage
decrease as it saturates. The OP for the direct transmission
is still the worst, which means that the overlay CRN still
outperforms the direct.

Figure 10 depicts the SUs’ link rate versus the transmission
power of the PU-Tx (Ps). By comparing the fixed value of
ρ and α with the optimum ones (ρ∗, α∗), it is clear that the
SUs achieve the optimum link rate when ρ and α are chosen
according to the optimization problem in (39). In addition, the
results indicate the benefit of performing a joint optimization
for both parameters rather than optimizing a single parameter
((α∗, ρ = 0.4) and (ρ∗, α = 0.95)). Particularly, the SUs
achieve the highest rate when both parameters are optimized
jointly. This highlights the significant importance of having
an adjustable time switching factor and power allocation fac-
tor in the EH process. An optimized α assists in determining
the amount of SU relay power that should be used for each
network while controlling the interference caused by one
network on another. Moreover, by optimizing ρ, one can
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FIGURE 12. SUs’ and PUs’ link rate versus Ps. k = 1, η = 0.8, PL = 2,
λRE = 1, λRD = 1, λSR = 0.5, N0 = 1, T = 1, Rpt = 0.5, and φ = 1.

FIGURE 13. SUs’ and PUs’ link rate versus Ps for joint optimized ρ and α.
k = 1, η = 0.8, PL = 2, λRE = 1, λRD = 1, λSR = 0.5, T = 1, Rpt = 0.5,
N0 = 1, and φ = 1.

determine the time slots assigned for the EH process and
the amplifying and forwarding process. Furthermore, it is
noticed that optimizing both parameters yields a result that
is closer to optimizing α independently for fixed ρ. This
depends on the selected values of the fixed parameters and
the PUs rate threshold. To illustrate a scenario in which the
joint optimization approach gets close to optimizing solely
ρ, the threshold in Figure 11 is considered to be lower than
the one in Figure 10 with different fixed values chosen for
the single optimization scenarios. The figure indicates that
when optimizing ρ, selecting lower α and Rpt results in rising
the impact of optimizing ρ, as it gets closer to the joint
optimization. Additionally, it is worth mentioning that the
fixed values of ρ and α are selected from the feasibility region
of problem P1.

Figure 12 presents the links rates of the SUs and PUs
communication against Ps. It is observed that optimizing the
parameters α and ρ improves the SUs rate. Moreover, even
with fixed parameters, i.e. without optimization, the PUs’ rate
remains greater than the threshold rate (Rpt ). This ensures
that the performance of the PUs’ link is preserved above the
minimum allowed level. In addition, whether the parameters

FIGURE 14. Outage probability of the SUs link versus the threshold rate
of the PUs’ link Rpt . k = 1, η = 0.8, λRD = 1, λSR = 0.5, λRE = 0.5, T = 1,
Ps = 15 dB, ρ = 0.4, and φ = 1.

FIGURE 15. Sum rate versus Ps for different values of α and ρ. k = 1,
η = 0.8, λRD = 1, λSR = 0.5, λRE = 1, T = 1, and φ = 1.

are optimized or fixed, the PUs’ rate remains greater than the
SUs’ rate. Additionally, Figure 13 shows both rates against Ps
when α and ρ are optimized. It is concluded that regardless
of the transmission power level of PU-Tx, the PUs’ rate is
maintained above the threshold (RP ≥ 0.5).

Figure 14 depicts the rate of the secondary users versus
the threshold of the PUs rate constraint (Rpt ) defined in
the optimization problem (P1) assuming fixed ρ. This is to
clearly show the impact of this threshold on the optimization
process. As Rpt increases, the SUs’ communication reliability
degrades. This is because a higher threshold rate for the PU’s
communication involves altering α to maximize not only
the SU’s rate but also maintaining the PU’s rate above this
threshold. Despite the fact this constraint is not to the greatest
advantage of the SUs’ transmission, this ensures that the PUs’
communication reliability remains within acceptable limits.

Finally, Figure 15 presents the sum-rate of both net-
works versus the PU transmission power (Ps). It is observed
that using the time switching factor and the power allo-
cation factor optimized in problem P2 (ρ∗ and α∗) pro-
vides the best performance when compared to fixed ρ

and α. Notably, optimizing the sum rate has the advantage of
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simultaneously enhancing both networks’ reliability, regard-
less of the interference imposed by one network on the other.
As a result, all users in this cooperating CRN will have stable
communication.

VI. CONCLUSION
This paper investigates an overlay cognitive radio network
with two primary users (PUs) and several randomly dis-
tributed secondary users (SUs). In exchange for accessing
the licensed band, one of these multiple SUs is selected
to forward the PUs messages using the harvested energy
from the PU transmitter messages. Our results indicate that
a larger density of these SUs is necessary to boost the link
reliability of the PUs and SUs communication in terms of
outage probability. We have derived the outage probability of
both links and their asymptotic expressions, and our results
demonstrate that the system approaches zero outage prob-
ability with high PU transmission power. In addition, the
effectiveness of overlay CRN was shown by comparing the
overlay access mode to direct transmission, indicating that
the overlay mode outperforms the direct transmission over a
certain range of the power allocation factor (α). In addition,
the time switching factor (ρ) and α are optimized for two
scenarios: maximizing the SUs’ rate while constraining the
PUs’ rate, and maximizing the sum of both networks’ rates.
In this work, we highlight the importance of optimizing ρ,
since this parameter dictates the optimal harvesting time rel-
ative to the forwarding time. In addition, optimizing α in our
research revealed the amount of power that the selected relay
should use for SU transmissions and that for PU transmis-
sions, therefore limiting the amount of interference imposed
on each network. Our results demonstrate that, as compared to
fixed factors, the derived optimized ones achieve the optimum
performance. In addition, our findings evaluate the effect of
EH in minimizing the probability of network outages for
PUs. In other words, as the energy harvesting efficiency
coefficient (η) rises, more energy is harvested at the relay,
and as a result, there is more power available for message
delivery. Finally, the agreement between the analytical and
Monte-Carlo simulations demonstrates the validity of our
mathematical computations and the capability of applying
the analyses and systemmodel to energy-constrained devices,
such as cognitive wireless sensor networks.

Incorporating machine learning (ML) strategies for relay
selection might be a potential future avenue of investigation.
An ML technique might be used to select the SU relay that
maximizes energy efficiency and reduces outage probability
for PUs and SUs’ networks. This will boost the performance
of the networks with low complexity.
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