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Abstract: The relentlessly increasing number of small-sized devices with limited powering and
computational capabilities requires the adoption of new approaches to spectrum access. In this
paper, we analyze an underlay cooperative cognitive wireless system based on available statistical
channel state information (CSI) that is applicable to the cognitive system with limited computational
resources due to its low complexity. We considered the scenario where the primary and the cognitive
network coexist in the same spectrum band, under the constraints of interference threshold and
maximal tolerable outage permitted by the primary user. The communication in the secondary
decode-and-forward (DF) relaying system is established via a self-sustainable relay, which harvests
energy from both cognitive and primary transmitters. The closed-form expressions for the outage
probability of the cognitive network are derived, which are valid for both time-switching relaying
(TSR) and power-splitting relaying (PSR) protocols. We analyze the influence of both cognitive
and primary systems as well as the impact of channel parameters on the cognitive system outage
performance. The derived analytical results are corroborated by an independent simulation method.

Keywords: channel state information; cognitive radio; cooperative relay network; decode-and-
forward; energy harvesting; Rayleigh fading; outage probability

1. Introduction

Recent advances in telecommunication concepts have resulted in ubiquitous connectiv-
ity, as well as a variety of possible services of improved quality. However, due to increasing
demands for dedicated spectrum resources, it is necessary to have extremely efficient and
innovative approaches to the usage of limited spectrum resources. The traditional static
spectrum allocation has led to its inefficient use (both in time and at various locations)
and consequently to its scarcity for the deployment of new services. It is envisioned that
forthcoming networks will satisfy a wide range of requirements regarding different types of
services, so spectrum access should be adjusted with the aim to maximize overall spectrum
utilization. This is especially important for the Internet of Things (IoT) systems that have an
exceptionally important role in transforming the way communications are used in everyday
life. IoT systems integrated with 5G offer new services and smart communications such as
the smart grid, smart health, smart traffic, etc. Nevertheless, as IoT systems imply a huge
number of spatially distributed connected devices and sensors with modest powering and
computational capabilities, access to spectrum resources needs to be provided in a manner
that is adapted to their characteristics and limitations [1,2].

It is well known that cognitive radio can significantly improve spectrum efficiency
by adopting an underlay, overlay, or interweave transmission mode [3]. While the inter-
weave approach involves energy consuming spectrum sensing, the underlay approach
enables a coexistence of licensed and unlicensed networks. In the underlay concept, the
cognitive, secondary user (SU) communicates concurrently in the same spectrum band
dedicated to the existing primary user (PU) without causing harmful interference to the PU.
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SUs apply the real-time transmit power adaptation based on the available channel state
information (CSI), such that the interference level caused at the licensed user’s receiver is
within predetermined tolerable limits [4,5]. However, the fulfillment of this condition is
possible only in the case when perfect CSI is available to the SU, which is not practically
achievable. In the underlay cognitive system, the CSI can be provided to the SU through
cooperation with the PU (if the channel is reciprocal) or by mediation of the band-manager.
However, the acquired CSI is practically always imperfect, even in the case when there
is cooperation with the PU [6-10]. Due to the time-varying nature of the channel and the
finite backward channel latency, the acquired CSI is outdated. Even in the case when the
propagation environment is slow varying, the backward channel quantization results in
an imperfect CSL In the absence of cooperation, only statistical CSI (i.e., long-term CSI)
can be available [10-13]. Notably, in any case when perfect CSI is not available, the strict
interference constraint cannot be satisfied, and the interference threshold will be exceeded
during a certain percentage of time, resulting in degraded primary and secondary system
performance. The adaptation of transmission power based on real-time updating of the
CSI knowledge is not desirable in the case when there are a large number of cognitive
nodes with limited computational capabilities. The underlay cognitive network based on
statistical CSI enables a less complex solution for coexistence with the primary spectrum
user’s network.

Apart from the constant demands for improved spectrum efficiency, the relentlessly
increasing number of devices in a network also necessitates energy-efficient solutions. In
this paper, we focus on the application of energy-harvesting techniques [14-19], which can
improve the performance of an underlay cognitive radio system. In the rest of this section,
we will provide an overview of related work, summary of the contributions, and explain
the organization of the paper.

1.1. Related Work

The performances of underlay cognitive radio with available imperfect CSI are an-
alyzed in [6-8]; these works introduce the concept of interference outage, as the strict
interference threshold constraint at the PU receiver cannot be satisfied. The underlay cog-
nitive network based on statistical CSI enables lower complexity solution for coexistence
with the primary spectrum user’s network [9]. In the paper [10], the outage probability and
ergodic capacity were obtained for the case when transmit power adaptation is done based
on the CSI that is outdated, as well as for the case when only statistical properties of the
channel from the SU transmitter to the PU receiver are known. The impact of CSI knowl-
edge on the underlay system performances is analyzed in the context of relaying [11,12]
and application of space-time codes under multiple interferers” environment [13].

The energy-harvesting technology represents a promising way to enable a practically
feasible and energy-efficient powering of the nodes [14]. Although energy can be harvested
from various natural sources (solar, thermal, vibration energy, etc.) [15], harvesting radio
frequency (RF) energy is very appealing, as it provides necessary reliability in the energy
supply [16]. In the field of harvesting energy from RF sources, technology has achieved
many advances both in industry [17] and academia [18] in recent years, and much more is
expected in the future [19].

The performance analysis of the wireless network where a transmitter harvests energy
from both interference and ambient RF sources is presented in [20]. The combined use
of a cognitive network [21,22] with the cooperative energy-harvesting approach [23-25]
can further enable the coexistence of two networks in the same spectrum band with
the controlled mutual interference that enables energy sustainability of network relay
nodes [26].

The concept of cooperative decode-and-forward (DF) relay that harvests energy from
both source and interference signals in the Rayleigh fading environment is proposed in [24]
and further analyzed in [27] for Nakagami-m environment and nonlinear energy harvester.
Energy harvesting is analyzed in [28] for cooperative relaying cognitive network with
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perfect CSI, and in [29-31] for the case of imperfect CSI. However, to the best of authors’
knowledge, there is no available investigation concerning the impact of the statistical CSI
on the performance of the cognitive cooperative relaying network that employs energy
harvesting.

1.2. Summary and Organization

In this paper, we provide a comprehensive outage analysis of the cooperative cognitive
system with a DF relaying scheme. The relay is energy-constrained and relies on the energy
harvested from both primary and secondary transmitters, which coexist in the same
spectrum band by using statistical CSI knowledge. Two important cases are analyzed:
harvesting at the relay node is performed based on time-switching relaying (TSR) or
power-splitting relaying (PSR) protocols, as proposed in [32]. It is assumed that the
communication between nodes in the cooperative cognitive system is dominantly limited
by the interference signals generated by the PU’s system.

We derive closed-form expressions for the outage probability of the cognitive energy-
harvesting DF relaying system constrained by the interference threshold at the primary
receiver and tolerable outage probability of the primary system. The derived results are
valid for the Rayleigh fading environment. It is important to emphasize that the Rayleigh
fading model encompasses the path-loss effect, while it does not provide shadowing effects.
In the considered system model, we assume that there are no obstacles between nodes that
would introduce a shadowing effect. The numerical results are obtained on the basis of
derived expressions and corroborated by using an independent simulation method for
various system parameters and propagation conditions.

The rest of the paper is organized as follows. System and channel models are described
in Section 2, while outage probability analysis is provided in Section 3. Numerical results,
based on both analytical and simulation approach, are presented in Section 4. The final
conclusions are outlined in Section 5.

2. System and Channel Models

This paper considers a cognitive cooperative radio system in which secondary users
coexist with the primary users of the spectrum in the same frequency band under the
predefined conditions regarding permitted introduced interference. The model of the
analyzed cognitive relay system is shown in Figure 1. Our further analysis is based on the
following set of assumptions:

Al. The secondary system consists of the secondary source (SS), the energy constrained
secondary relay node (SR), and the destination of the cognitive secondary system (SD).
There is no direct link between the SS and the SD due to the occurrence of deep fading, so
the SS and the SD can communicate only with the help of the SR [11,24,32-34].

A2. The secondary system shares the spectrum with the primary network based
on the underlay paradigm, which means that secondary users can perform concurrent
transmission as long as the interference generated at the primary receiver does not exceed
a permissible threshold. It is assumed that only statistical CSI is available to the secondary
network, i.e., that the mean channel power gain values are known (long-term CSI). The
strict interference power constraint cannot be satisfied in this scenario, and the outage
interference power constraint is applied as in [10-13].

A3. The primary network consists of N transmitters (PUtx) and M receivers (PURx).
PU transmitters are closely positioned at one location, while all PUrx are closely positioned
at another location [12,33,34]. This corresponds to the case of cooperative distributed
network where the corresponding PUrx form a transmit virtual antenna array [35], or
the case where PU’s transmitters and PU’s receivers are grouped in two wireless sensor
network node clusters [36].

A4. The fading envelopes in all channels follow the Rayleigh distribution. This model
encompasses the path loss effect as the mean channel power gain equals d~P, where d denotes
the distance between the transmitter and the receiver, while {3 is the path loss exponent.
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Ab. In the interference-limited case, the interference power caused by PU transmitters
at the SR and the SD is dominant relative to the noise power [11,12,33,34].

A6. The SR does not have its own power supply, and it harvests energy from the
secondary source and the N transmitters of the primary network. According to the ap-
plied protocol, all the energy harvested during a scheduled frame is used for information
transmission [24,32,34].

A~ b L
// N - /4
;N ~< -7
-
/ N Sa ~"8s; /gR
\ - - i s Ok
PN / \ S - /
/ \\ \\// /
/ PG /
SN / \ /// ~ //
/ ~
/ X7 A
/ -7 N\ AR
~
/ fSl - \fR,' / \\fD,
P \ / ~
/ _ ~
- \ / ~

SS SR
hsg hrp

Figure 1. Model of the underlay cognitive relay network.

As it is shown in Figure 1, the channel gain coefficients from the SS to the SR and from
the SR to the SD are denoted by higg and hrp, respectively. Furthermore, the channel gain
coefficients from the SS and the SR to the PUgy.j are denoted by gs; and gg forj=1,2,...,
M, respectively. Finally, the channel gain coefficients from the PUry; to the SS, the SR and
the SD are denoted by fs,, fr, and fp, fori=1,2,..., N, respectively.

The secondary transmitter is allowed to transmit in the same frequency band under
the constraint that the peak interference threshold, denoted by Q,, is exceeded with a
maximum tolerable probability P, py. Therefore, the maximal transmitted power at the
SS, Pg, is determined by the permitted interference outage probability, i.e.,

PI‘{PSgS/ < Qp} =1- POllt,PUr (1)

where Pr{-} denotes probability.
The transmit power of the SS is adjusted by using the mean value of the power gain
in the links from the SS to the PU’s receivers
Qp

PS,max = kS TS, (2)

where kg is the coefficient of adjustment of the SS transmit power and Ag is the mean value
2

of all power gain coefficients ‘ gs; ‘ (i=1,2,...,M)in the links from the SS to each of the

PU’s receivers.

The transmit power of the SR is adjusted by using the mean value of the power gain
in the links from the SR to the PU’s receivers

Q
PR,max = kR rz/ (3)
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where kg is the coefficient of the adjustment of the SR transmit power and Ap is the mean

2
value of all power gain coefficients ' 8R; ’ (j=1,2,..., M) in the links from the SR to each
of the PU’s receivers.

2.1. Time-Switching Relaying Protocol for Energy Harvesting

Figure 2 depicts the transmission block structure in the TSR scheme for energy harvest-
ing and information processing at the SR. In the figure, T represents the time frame interval
and « € {0, 1} denotes the fraction of the block time in which the SR harvests energy from
the RF signals from the SS and N PU’s transmitters. The remaining block time (1 — a)T is
used for the information transmission in such a way that half of that time, (1 — )T /2, is
used for the information transmission from the SS to the SR, while the remaining half, (1 —
«)T /2, is used for the information transmission from the SR to the SD.

The received baseband signal at the SR is given by

N
YR = /Psmaxhsrs + Y v/ Pru—Tx,ifR,SPU—TxX,i + 1R, 4)
i=1

where s is the information signal sent from the SS, Ppy;.x ; is the power of the signal from
the i-th PU transmitter, the interference signal from PUrx_; (with the unit power) is denoted
by spyrx i and the ny is additive white Gaussian noise component at the relay node.

We consider the case of interference-limited environment, where the interference
power caused by N PU’s transmitters at the relay node SR is dominant relative to the noise
power at the relay and therefore can be neglected in derivations. Then, the received SIR at
the SR can be written in the form

P hsr |?
YR = N S,max| SR| - _ 'YIZR, (5)
‘21 Ppu—1xi|fr|
1=

N

2 2

where ysg = Ps max|hsr|” and Ig = '21 Ppu—tx,i| fr;|"-
=

The harvested energy at the relagf node of the secondary system is

N

2

Ey=1 <P5,mathR2 + Y Pru—x,ilfr/] )aT = 11(vsr + Ir)aT, (6)
i=1

where 17 (0 < 5 < 1) is the energy conversion efficiency coefficient that depends on the
energy harvester.

It is assumed that the total energy harvested at the SR during the dedicated time can
be stored in a storage device (e.g., a supercapacitor or a short-term /high-efficiency battery)
and be used afterwards for the power transmission in the same time frame. Therefore, for the
harvested energy Ep, the maximal available transmit power of the SR can be expressed as

___ Em
PR,EH - (1 _ D()T/z (7)

The transmit power of the energy constrained relay node is determined by both
harvested energy and maximal power permitted due to interference outage constraint.
Using Equations (3) and (7), the transmit power of the SR can be obtained as

. Q
Pr = min (PR,EH/ kr AIZ) : (8)
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The transmit power of the secondary relay can be further expressed in the following
form

2na
p (111) (YsR +Ir), 7= )('YSR +1Ig) < kR ©)
R p—
kR%/ i 15 (vsr + Ir) > kR*-
T
. SS to SR information SR to SD information
Energy harvesting at SR .. ..
transmission transmission
(1—a)T /2 (1-a)T /2

Figure 2. Transmission block structure in the TSR scheme.

Then, the received information signal at the secondary destination is equal

N
yp = V' PrhrpSR + Y /Pru—tx,ifD:SPU—TX,i + 1D, (10)
i=1

where sy, is the decoded information signal sent from the secondary relay, the sp;;.1x ; is
the interference signal from the i-th primary user transmitter, and np is the additive white
Gaussian noise component at the secondary destination. The interference power caused by
N PU'’s transmitters at the SD is dominant relative to the noise power; i.e., the communication
is interference-limited. The received SIR at the SD can be written in the form

2
Pr|hrp| _ ppJRD (1)

YD = I’

Ppu_tx,

Itz

where ygp = |igp|* and Ip = 2 Ppyu_tx,i

By using Equations (9) and (11), the expression for the received SIR at the SD becomes

2

2 Q
o B2 (s +1IR), ity (Ysr + IR) < kr g,
2
e, 20 (s + Ip) > kn 2

I

YD = (12)

2.2. Power-Splitting Relaying Protocol for Energy Harvesting

The transmission block structure for the information and power transmission accord-
ing to the PSR protocol is presented in Figure 3. The total time T is split into two equal parts.
In the first part of duration equal to T/2, the source transmits information to the relay,
and in the second part of duration equal to T/2, the relay further transmits information to
the destination. In addition to the information transmission, the first part is used for the
energy harvesting. The fraction of the received signal power equal pP (0 < p < 1) is used
for that purpose, while the remaining received power equal (1 — p)P is used for the signal
transmission from the source to the relay.
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T
Energy harvesting at SR
SR to SD information
transmission
SS to SR information
transmission
T/2 T/2

Figure 3. Transmission block structure in the PSR scheme.

The received baseband signal at the SR is given by

N
yr = \/ (1 = 0)Ps maxltsrs + Y, \/ (1 = p)Pru_1x,ifR;SPU-TX,i + MR/ (13)
i=1

where s is the information signal sent from the SS, the sp;.1x; is the interference signal
from the i-th primary user transmitter and with the power equal Ppy;.x ;, while 1y is the
additive white Gaussian noise component at the SR. As in the paper [24], the case when
power splitting reduces the signal power and not the noise power is considered, which
provides a lower-bound system performances.

The interference power caused by N primary user transmitters at the SR is dominant
relative to the noise component power and can be neglected in the further calculations.
The received SIR at the secondary relay node can be written in the following form

(1= p)Ps maxhsr |’ Ps max| sk _ VSR

TR ;N 2 I
(1—p)Pru—tx,i|fx:] 121 Ppu_tx,i|fr;]
i=

, (14)

Mz

fRi|2'

N
2
where Ysg = Psmax|lisg|” and Ir = ¥ Ppy_1x,i
i=1

The energy harvested at the SR is equal to

N
Ey =1p (Ps,mathRz + Y Pou—1x,i|fr;

2) T/2 = np(vsr + Ir)T/2. (15)
i=1

Similarly as in the case of TSR scheme, the maximal available transmit power of the
SR for the harvested energy Ey can be expressed as

_ En
PrEn = T2 (16)

We assume that the SR transmits with the maximal allowed power, which is limited
by both the quantity of the harvested energy and the interference constraint imposed by
the primary network. By using Equations (3) and (16), the transmit power of SR can be
expressed as

Pr = min (PR,EH/ kr [%;), (17)

and the transmitted power of the secondary relay can be further presented in the
following form

Q
Ir), Ir) < kr=L,
Py :{ ne(vsr+1Ir), np(vsr +Ir) < krzs (18)

kR/%Z, ne(ysr + Ir) > kR%-



Sensors 2021, 21, 3727 8 of 21

The received information signal at the SD is

N
yp = V/Prlirpsr + Y /Pru—tx,ifp,;Spu—Tx,i + "D, 19)
i—1

where sy is the decoded information signal sent from the sy, spy.rx; is the interference
signal from the i-th primary user transmitter, and np is the AWGN component at the SD.

The interference power caused by N primary user transmitters at the SD is dominant
relative to the noise power and the noise impact can be neglected in the further analysis.
The received SIR at the SD can be written in the form

Pr|hrpl? _ pgJRD

N Ip '
Y. Pru—tx,i
i—1

D = (20)

where yrp = |hRD\ and Ip = Z Ppy_x,i

By using Equations (18) and (20) the expression for the received SIR at the SD becomes

Qp YRD (21)

YD = { UPWI[;JD (Ysr +1r), nmp(rsr +Ir) < kR%Z’
RAR Ip Wp(’)/SR + IR) > kR%'

3. Outage Probability Analysis

The outage probability of the secondary network is defined as the probability that one
of the links is below predefined threshold -, and it is given by the following expression

Pout(vw) = Pr{vr < vm} + Pr{vD < Y, YR > Yin} (22)

It can be noticed that the SIR at the SD for both TSR and PSR protocols, given by
Equations (12) and (21) respectively, can be expressed in the unique form and re-written as

cIRR (ygsr +Ig), c(ysg+1Ir) <49,
vD—{ Io ( )= (23)

a4, c(ysr +Ir) > q,

2
where g = kRA”,c—cTS— =

) for the TSR protocol and ¢ = ¢ = 7p for the PSR protocol.
By using Equations (22) and (23), the following expression is obtained

Pour(vm) = Pf{m < %h} +PT{CVIRTD(75R +IR) < Y c(ysr + Ir) < q, FE > %h}

IRD g (24)
+Pr{q 2 < v, c(vsr + Ir) > ¢, £2 > 'Yth}-

. By substituting u = ysg + Ig, v = & and w = £, the outage probability can be
written as

Pour(vw) = Pr{v < yu} +Pr{u < mm(%h ‘Z) v > ’Yth} +Pr{w < ryc;h u > ﬂ ,0 > ’Yth} (25)

and it can be further written in the form more convenient for the analysis that follows
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%h,w>’Zm,v>%h}+Pr{w§’Zm,v>%h}—11+12+13. (26)

Pour(vmn) = Pr{v < yu} +Pr{u < .

The propagation channels among primary and secondary transmitters and the re-
ceivers are subject to Rayleigh distributed fading. Therefore, the random variables (RVs)
Ysr and ygrp are Gamma distributed, and the corresponding probability density functions

(PDFs) are given by
1 X
Prse (X) = 0o &P ( O ) , (27)

1 X
Poro (%) = Qrp exp (_ Oxrp ) , (28)

with the mathematical expectations (mean values) equal to Qgg = E [PS,max“/lS R|2} and

Qrp = E {|h RD|2} , respectively. Furthermore, the sum of N independent Gamma dis-
tributed variables follows x2-distribution with 2N degrees of freedom [37] and

()= riamr o~ ) e = [Pl ] @)
Pix F(N)Qﬁ P QIR s 32 PU-TX,i|JR;| |~
N1 X )

pip(x) = IWEI)GXP(—%), Qp, =E {PPufTX,i o] ], (30)

where I'(-) denotes Gamma function [38] (8.310.1).

Further calculations with appropriate mathematical operations presented in Appendix A
lead to the final closed-form expression for the outage probability.

The probability defined by integral I; can be calculated in the following way

1
h=P{v<yy}=1-——"—"x (31)

Q N
(1 + Tﬁvth)
The probability defined by the expression I, can be further expressed as

Tth
o cw 00

L= Pr{u < %,w > %,v > m} = / / /Pu,y(u,v)dvdu puw(w)dw (32)

Tth 0 7n
q

By mathematical derivations described in Appendix B, Equation (32) is written in the
following closed form

1 1\ N N (T4 v Qgsr — Oy k
I _Q—N<—> Iy — Iy — R ( R ) F(1+kIn—1I3n)]|, @33
27RO Qsp 2oz ,§O Ky + Q) \ iy, 1+ Qs ) TR = D) | (33)

where integrals I;; and I, are given with

[} 0 _N
Ly = /Pw(W)dw = <Q Ib Yih +1> , (34)
RD 4
e

and
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o

_ v p N-1 _ , N—i
Iy = f e sk p, (w)dw = Ne sk %D} ( N . 1 )(_1)N—1—1( O ) %
i=0

Tth

(ot
Qrp

q

{

Q[D
QRD

i Qrp
(35)
i—N o) o) i—N
. _q Y ZZp ) p A _ th
) El(l l+N/CQtSRQRD) (QRD+'YM) E(l i+N, (QRD+%I4)CQSR)>
while integral I»3 is defined and solved as
NOy, K Op Nt-1/ N4j—1 Qp \N+j—-1-i
by = f F(1+k,w)pw< Jdw = ke L (@)efmo Y 1) (~az)
RD = =0 i RD
! ' (36)
O q i-N ) . Qy
(1-i+N528) - (a2 +:L) E(1-i+N, (a2 + m)g)),
Qi +Qsr o,
where § = QSRQIII:(1+’Yt11) o
The detailed derivations of integrals I;, i = 1, 2, 3 are provided in Appendix B.
The probability defined by integral I3 is equal to
I; = Pr{w < % v > ’Yth} =Priw < %}Pr{v > Yin
1—(1+ 4 O 1w N 1+ Qg N (37)
( Qrp q ) ( Qiszz%h) ‘

4. Simulation Method and Numerical Results

In this section, we provide the numerical results for the outage probability and the
throughput of the proposed cognitive EH relay system with available statistical CSI. The
results are presented for various system parameters and propagation scenarios. The
numerical results are obtained by applying the derived analytical closed-form expressions
and verified by an independent simulation method. Simulation results are obtained by
using a Monte Carlo method, based on waveform sequences with L = 107 samples. As it
will be shown in the following part, the results obtained by both approaches are in excellent
agreement.

4.1. Simulation Environment

The simulation environment is developed to verify the accuracy of the derived analyt-
ical expressions. It is based on Monte Carlo simulations, which is typically used to estimate
performance of the wireless communication systems.

The channel gains are represented as mutually independent random processes with
Rayleigh distribution. The mean channel gains from the group of primary users in the same
cluster to the other node have the same value, i.e., the corresponding random variables
are independent but identically distributed (i.i.d.). Waveform sequences are generated for
all channel coefficients by using an improved Jakes fading simulator [39], with My = 20
oscillators and maximum Doppler frequency fpmax = 20 Hz (this value does not affect
the simulation results, as temporal fading characteristics are not relevant in this system
scenario; if the outdated CSI was analyzed instead of statistical SCI, it would be significant).
Therefore, sequences hgg(k), hrp(k), gs;(k), grj(k), fri(k), and fp;(k) are generated fori=1,
2,...,N,j=1,2,... ,M,and k=1, 2, ..., L where L is the number of samples in each
waveform and every sample corresponds to one time slot.

The system simulation is done based on the available statistical CSI, meaning that
the transmitted power of the secondary user is adapted based on mean channel power
gain values. Therefore, the maximum output power at the SS is determined by using
Equation (2), where the coefficient of adjustment is calculated from (1) for given Py pu
and Qp. Depending on the used protocol, further analysis differs, which is shown by
using different equations for calculations. In both protocols, as described in Section 2,
the SR harvests energy from the SS and from N transmitters of the primary network. As
parameters Ppy_tx1, Psmax, @, 1, and T are fixed and known and the waveforms hgr (k) and
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fr(k) are generated, the harvested energy in the k-th slot at the relay node of the secondary
system is calculated using Equations (6) and (15) for TSR and PSR protocol, respectively.
Depending on the harvested energy and maximal allowable power, the transmit power of
the SR in the k-th slot is adjusted by using the mean value of the power gain in the channels
from the SR to the PU’s receivers. It is obtained using Equations (8) and (17) for TSR and
PSR protocol, respectively.

We consider the case of interference-limited environment, where the interference
power caused by N PU’s transmitters at the SR or SD is dominant relative to the corre-
sponding noise power. The signal-to-interference ratio on the SR in the k-th slot is obtained
using Equations (5) and (14) for TSR and PSR protocol, respectively. In addition, the
signal-to-interference ratio at the SD in k-th slot is obtained using Equations (11) and (20)
for TSR and PSR protocol, respectively. The outage probability of the secondary system
is estimated by comparing values of the signal-to-interference ratio at the SR and the SD
nodes with the outage threshold in each particular slot.

4.2. Numerical Results

In this section, we present numerical results for outage probability and achievable
throughput for both analyzed protocols. Numerical results that correspond to the analytical
approach are obtained directly from Equations (26) and (31)—(37). We also wrote the scripts
for estimating outage probability for a proposed cognitive system by using independent
Monte Carlo simulation method, as described in previous subsection. The results are
presented for various values of parameters Qp, Poutpu, and for a few values of mean
channel power gains.

The simulation parameters that are used for calculations of the results presented in
Figures 4-9 are shown in Table 1. In all simulations, the energy conversion efficiency
coefficient is # = 0.9. The number of primary transmitters is set to N = 1 in all simulations,
except in the case of the results presented in Figure 6, where it is considered that the number
of primary transmitters is N = 2. The simulation results are obtained based on waveform
sequences with L = 107 samples. As the estimated outage probability values for various
input parameters are not lower than 10~ for any set of system and channel parameters,
the obtained estimations can be considered accurate with high confidence level [40].

Outage probability, P ¢

10

-20

Figure 4. Outage probability Poyr vs. Qp for TSR protocol.
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Figure 9. Simulation results for the achievable throughput vs. interference threshold Q, and mini-
mum threshold constraints of the input power at the SR, P,.

Table 1. Simulation parameters.

Parameter Figure 4 Figure 5 Figure 6 Figure 7 Figure 8 Figure 9
Pout pu 0.01-0.1 0.05 0.05 0.05 0.01-0.1 0.05
Qp [dB] —20-20 10 5-15 10 —15-20 —15-20

AR 0.1-2 0.1-1 1 1 1 1

Ag 0.01 0.1-10 1 1 1 1
Oyr [dB] 0 0 0 -10-0 0 0
QOyp [dB] —-10 —-10 —-10 -10-0 -10 —-10

Qgg [dB] 10 —10-20 10 —10-30 10 10

Orp [dB] 10 —10-20 10 —10-30 10 10
Y, [dB] =5 8 8 8 8 8

1 0.9 0.9 0.9 0.9 0.9 0.9
« 0.5 0.5 0.01-0.99 0.5 0.2 0.5
0 0.5 0.5 0.01-0.99 0.5 0.2 0.5
N 1 1 1-2 1 1 1

The dependence of outage probability on the interference threshold Qj, is examined,
and the results are presented in Figure 4 for the case of TSR protocol. Scenarios with
different values of primary network outage probability P, pi; and mean channel power
gain Ag from the secondary relay to the primary receiver are considered. The mean channel
power gain Ag from the secondary source to the primary receiver is set to 0.01, the energy
harvesting ratio is 0.5, the mean channel power gains are ();g = 0 dB, (jp = —10 dB,
Qgr =10 dB, and Qrp = 10 dB, while the primary user transmitters have the unit power
and the outage threshold is 7y, = —5 dB. By increasing the interference threshold Qp, the
outage probability decreases. This result can be explained by fact that the increase of the
interference threshold Q, leads to higher permitted transmit power values at the secondary
source, as well as more harvested energy and higher permitted power at the relay.

The outage probability values decrease for smaller values of Ag, as the allowed
transmit power of the secondary relay is higher. Moreover, for higher values of permitted
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primary network outage probability P, pi;, the outage probability of the cognitive network
is lower. The reason for this effect can be explained by the fact that with the higher maximal
allowed value of outage probability (for the fixed interference threshold Qy), both the
transmit power of the secondary source and the allowed power at the relay are increasing,
and the received signal-to-interference ratios at both the secondary relay and the destination
are higher. Similar results are obtained for PSR protocol using the same scenarios.

In the next figures, the achievable throughput of the energy-harvesting DF system with
statistical CSl is analyzed. The achievable throughput depends on the applied protocol, so
for TSR and PSR protocol, it can be expressed, respectively, as [24,41]

Tty = (1—a)Cour, (38)

TSt = Cour, (39)

where Coyr is outage capacity, which is defined as a maximum data rate that can be
achieved in the channel with the outage probability Poyr () = Pr(y < vu)

Cour = 0.5(1 — Pour (7um))log2(1 + vu)- (40)

More specifically, in the DF system, outage probability Poyr is defined with Equation (22).

In Figure 5, the throughput is presented as a function of mean channel power gains
Qg and Qrp for both analyzed energy-harvesting protocols, where the outage probability
of the primary link is set to P, py = 0.05 and the permitted interference threshold is
Qp = 10 dB. The impact of different values of the mean channel power gain Ag from the
secondary source to the primary receivers and the mean channel power gain A from the
secondary relay to the primary receivers is considered. The energy conversion efficiency
coefficient is 77 = 0.9, while the time-splitting factor and power-splitting factor are equal
to 0.5 for TSR and PSR protocols, respectively. The mean channel power gains in the
interference channels from the primary transmitters to secondary relay and destination
are Qg = 0 dB and jp =—10 dB, respectively. We analyzed the scenario where mean
values of channel power gain in both source-to-relay and relay-to-destination links are
equal and the outage threshold is vy, = 8 dB. The obtained results demonstrate that in all
considered cases, the throughput values increase with the raise of mean channel power
gains Qsg = Orp when these values are below 10 dB, while the saturation effect occurs for
the higher values of mean channel power gain.

Furthermore, the saturation occurs for higher Qggr = Qrp when the mean channel
power gain Ag is higher, as the transmit power of the secondary relay is then dominantly
determined by the interference constraint of the primary user. This can be explained by
the fact that in this case, the maximal allowed transmit power of the secondary source
is smaller, and the interference constraint at the relay becomes dominant only for higher
mean channel power gain ()sr. In accordance to the expectations, in all analyzed cases,
greater throughput values are achieved in the case when PSR energy harvesting protocol
is applied. It can be noticed that the throughput increases with the decrease of mean
channel power gain Ag, as in that case, the higher secondary source transmit power is
permitted. Similarly, the throughput values increase for smaller values of Ag, as in that
case, the allowed transmit power of the secondary relay is higher. However, in the case
when Ag = 10, the difference between cases of various Ag values is diminishing, as outage
performances are dominantly limited by the source-to-relay link.

The dependence of the cognitive system throughput on the time-splitting factor a
and power-splitting factor p is presented in Figure 6, for different values of primary
user’s interference threshold Q, and number of primary transmitters N. The obtainable
throughput is analyzed for both TSR and PSR protocols, with the energy conversion
efficiency coefficient 7 = 0.9. The maximal permitted probability of the primary link
outage is set to Py, pyy = 0.05, the outage threshold of the cognitive system is vy, = 8 dB.
In this scenario, the mean channel power gains are equal to (g = 0 dB, (Q;p = —10 dB,
Qg =10 dB, and Qrp = 10 dB. Moreover, in the case when TSR protocol is applied, one
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can identify the optimal value of time-splitting factor « when the throughput is maximized.
This value is achieved for values of « < 0.05, while a higher increase of time-splitting factor
leads to the throughput decrease. On the other hand, in the case of energy-harvesting PSR
protocol, the throughput increases with the power-splitting factor for small values of p, as
then, more power is dedicated to energy harvesting, and the transmit power of the relay is
increasing. However, in the case of further increase, the saturation occurs, as the maximal
relay transmit power is determined with the more strict restriction imposed by the primary
network and the average SIR at the relay is independent of p.

Furthermore, better system performances are achieved with a smaller number of
transmitters in the primary network for both energy-harvesting protocols. This can be
explained by the fact that although the interference from the primary network is used for
energy harvesting, the degrading effect of the interference is more dominant. Finally, from
the obtained results, it can be concluded that the throughput always increases with the
raise of the allowed interference threshold Q. A bigger value of Q, increases both the total
input power Pg as well as the permitted transmit power at the relay, therefore resulting in
better system throughput.

In Figure 7, the throughput is shown as the function of Qg and Qgp for both analyzed
energy harvesting protocols. We considered scenarios with different values of mean channel
power gains ()g and ()jp in the interference channels from the primary transmitter to both
relay and destination nodes, respectively. The outage probability of primary link is set to
0.05 and the interference threshold is Q, = 10 dB (the time-switching and power-splitting
factors are a = p = 0.5 and the outage threshold is 7y, = 8 dB). The mean value of the mean
channel power gain from both the secondary source and relay to the primary receivers
are Ag = AR = 1. The best system performances are achieved for the smallest values of
Qp and Qg for both analyzed protocols. Furthermore, the increase of () and (};p has
a negative influence on the system performances. In the case of PSR protocol, obtained
results are better when ();g =0 dB and ();p = —10 dB than when Qg = —10dB, Q;p = 0dB,
while in the case of TSR protocol, the difference is smaller, and these curves are almost
overlapping. This effect can be explained by the fact that the interference at the destination
has only a degrading effect, whereas at the relay interference, it also increases harvested
energy. The throughput increases with the raise of Qgg = Qgp, and in the region of high
values, it is the same for all analyzed values of (}jgr and ()jp. That is because the transmit
power of the energy-constrained relay node is determined by the harvested energy and
the maximal power permitted due to the interference outage constraint. That effect is
noticeable also in the case of PSR protocol for values of (}jg and Qp higher than 25 dB.

Throughput values are presented in Figure 8 as a function of the permitted interference
threshold Q, for both energy-harvesting protocols (¢ = p = 0.2) and different values of
primary network outage probability. The mean channel power gains are (g = 0 dB,
Qp = —10dB, Qgg = 10 dB, OQrp = 10 dB, and the threshold is 7y, = 8 dB. For low values
of Qp, throughput values are very low, for both protocols and all analyzed values of
primary network outage probability. For small values of Q), the total transmit power
is very low, the amount of harvested energy is limited, and the transmit power of the
secondary relay is consequently low. By increasing the permitted interference threshold Qy,
values of the system throughput are rising, as more energy is harvested and the obtainable
transmit power of the secondary relay is higher. Moreover, the permitted values of the
secondary relay transmit power is increasing for higher Q, as the interference constraint is
relaxed. For higher values of Qy, better system performances are obtained with applied
PSR protocol (than TSR). Moreover, better performances are achieved for higher values
of permitted primary network outage probability P, py;. The reason for this effect can be
explained by the fact that with higher maximal allowed value of outage probability (for the
fixed interference threshold Qp), both the transmit power of the secondary source and the
allowed power at the relay are increasing, and the received signal-to-interference ratios at
the secondary relay and the destination are higher.
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Although the used system model is widely accepted and utilized in various scenarios
of cognitive and energy-harvesting systems, it has some weaknesses and limitations. As
explained in assumption A3, our analysis is limited to the case when all PU transmitters are
grouped in one cluster, and all PU receivers are grouped in the other cluster (as a special
case, it is valid for the case of single PUtx and single PUrx). In addition, we assumed in A4
that the line-of-sight propagation component is not present and the shadowing effect can
be neglected, although this assumption is not reasonable in some propagation scenarios.
More importantly, the energy-harvesting model is an idealization of the realistic process.

The realistic energy-harvesting model has the minimum amount of energy necessary
for the harvesting process, as SR consumes energy in the process of energy harvesting [42].
Therefore, we will obtain simulation results for different values of minimum threshold
constraints of the input power at the SR node, P,, which is needed for achieving energy
harvesting gain.

Throughput values estimated by using Monte Carlo simulation method are presented
in Figure 9, as a function of the permitted interference threshold Q, for both energy-
harvesting protocols (¢ = p = 0.5) and different values of P,. The outage threshold is
Y = 8 dB, while the mean channel power gain values are set to (Q;g = 0 dB, (O;p = —10 dB,
Qsg =10 dB, and Qgp =10 dB. For low values of Q, throughput values are very low, for
both protocols and all analyzed values of P,. This can be explained by the fact that for
small values of Qy, the total input power at the SR is very low, so it is difficult to reach a
defined minimum threshold of input power needed for achieving energy-harvesting gain.
By increasing the permitted interference threshold Qy, the total input power at the SR is
also increasing, more energy is harvested, and the obtainable transmit power of the SR
is higher, resulting in the improved system throughput values. Moreover, the permitted
value of the SR transmit power is increasing for higher Q, as the interference constraint is
relaxed. For higher values of Qy, better system performances are obtained with applied
PSR protocol (than TSR).

It is obvious that better performances are achieved for lower values of minimum
threshold P,, because the probability that the total input power of SR exceeds these values
is higher. In the case when the total input power of the SR is below P,, there is no
energy harvesting gain at the SR, and the output power of the SR is equal to zero. For
values of minimum threshold constraints of the SR input power equal to 20 dBm, system
performances are comparable with the ones obtained in the case when there is no threshold
constraints (i.e., P, = 0 W). It is important to highlight that all considered values are
significantly higher than values previously used in the literature (P, = —12 dBm or 64 pW
in [42]).

5. Conclusions

In this paper, we analyzed a cognitive DF relaying system with multiple primary
transmitters and primary receivers. The self-sustainable relay harvests energy from both
cognitive and primary transmitters based on TSR and PSR energy-harvesting protocols. The
transmission among nodes in the cognitive relaying network is constrained by the maximal
tolerable outage probability and the interference threshold permitted by the primary user.
The closed-form expressions for outage probability and achievable throughput have been
derived for the interference-limited case and the Rayleigh propagation environment. All
derived analytical results are confirmed by an independent simulation method.

It has been shown that a higher value of the interference threshold increases the
permitted transmit power at the SS, enabling a larger amount of harvested energy and
higher obtainable transmit power of the SR. As the increased interference threshold value
also results in higher allowable transmit power at the SR (for the given amount of harvested
energy), the resulting outage probability decreases, and system throughput improves. The
performances of the proposed system are also improved for higher permitted primary
network outage probability. The throughput values of the system increase with the raise of
the mean channel power gains from the SS to the SR and from the SR to the SD when these
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values are below a certain value, while the saturation effect occurs for the higher values
of the mean channel power gain. Furthermore, the decreased values of the mean channel
power gain from the SS to the PU’s receivers and from the SR to the PU’s receivers result in
better system performances. The opposite happens with the increase of the mean channel
power gains from the PU’s transmitters to the SR and from the PU’s transmitters to the SD.
In the case when TSR protocol is applied, one can identify the optimal value of the time-
splitting factor « when the throughput is maximized. After that value, a further increase of
the time-splitting factor leads to the throughput decrease. On the other hand, in the case
of the energy-harvesting PSR protocol, the throughput increases with the power-splitting
factor for small values of p, while further increase leads to saturation.

Finally, the provided analysis and derived closed-form expressions open up new
research topics for further investigations. Due to limited computational capabilities of
the proposed network and limited energy of the SR, it is a challenging task to provide
secure communication in the secondary network. In such a scenario, physical layer security
has some benefits when compared to complex cryptography techniques that ensure a
high level of security. Therefore, the first task in the future work will be to determine the
secrecy capacity of the secondary link in the scenario analyzed in this paper. Furthermore,
the presented analysis can be extended to the case when the propagation environment
is modeled with Nakagami-m distribution. This is a generalization of the considered
scenario; as for the case when the fading parameter is m = 1, it corresponds to the analysis
of the Rayleigh fading environment presented in this paper. Furthermore, as the analyzed
statistical channel model encompasses the path-loss effect, the impact of network geometry
and distances among nodes can be investigated based on the results provided in the paper.
This type of analysis can offer some valuable guidelines for the optimal design of the
cognitive energy-harvesting relaying system that maximizes both primary and secondary
system performances. However, the considered model does not include the shadowing
effect, so the analysis can be extended to the case when shadowing is also modeled (using
log-normal or generalized Gamma fading distribution). Future work can also analyze some
specific scenarios where channel power gains from the same group of users differ due to a
non-uniform distribution of small-sized obstacles in the environment.
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Appendix A

In this part, we derive the mathematical statistics for random variables v i w.
As random variable is defined as v = ysg/ Ir, using [43] (7.23), we obtain the corre-
sponding PDF as

po®) = [ 2y, (@0)pig (¥)dx (A1)
0

Furthermore, by substituting corresponding PDF expressions, the following PDF is

obtained
_ NQyp, 1

pv(V)— Qsr (QIRV )N+l

(A2)

Qsr +1

On the basis of the previous expression, the CDF expression for the random variable v
is obtained, and it is given by Equation (31).
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Following the same approach, we obtain the PDF and the CDF expressions for the
random variable w = yrp/Ip and they are given, respectively, as

_NOy, 1
Pw(w) - QRD QIDw N+1’ (A3)
(ats +1)

1

< =1-—=
Pr{w = 7th} 1 o, N
(1 + (Tm’)’th)

(A4)

Appendix B
To solve the integral I,, the joint PDF for u = (ysg + Ir) and v = 7ysr/Ig is needed.
With the help of py(u,v) = |]|pVSR(%)p1D (v%) [43] (pp. 7-37), where |]| = (v+u1)2 is

Jacobian determinant, and replacing appropriate PDFs, the joint PDF is found as

(u,v) = ! u ex (— 1 _uo )ex (—1 " ) (A5)
Pup i - T(N)OY Qg (v +1)N P\Tasro+1) P\ 041/

[e9)

We first solve integral over v, [ pu,.(u,v)dv, by using the substitution t = (v + !

Vth
and by using [37] (3.351.2) and following expression is obtained

? (%—%)_N 11
ol o)do = 208 S exp () (r) <1 (N, (5~ e ) 15 ) ) A6
Wé” wtr0) F(N)ON Qs P\ Osr ) O Qs )T+ (88)

where I'(-,-) is the incomplete Gamma function [38] (8.350.2).
Further, integration over u is performed by using serial representation of incomplete
Gamma function [37] (3.351.2) and applying [38] (3.351.1)
Tt
__Tth
%M (1 —e Qgprew
) (ke ) (A7)

N=T () Qi Osp—0p, \F TnQug +Qsr -y,
- kgo k! (7O +Qsr ) <7thIR+QSR) T +k) —T{1+k Qsr Oy (T+74) cw )

o—zk

J pup(u,v)dodu =
Yth

The last, the integral I, is given by

- 1 < gt N2l (140, Qsg—0Qp, \K
ho=————x [(1-e ™7 — % o e
QN 11 T k=0 k'(’)/thQIRJFQSR) Vih g SR
IR\ Oy Qsr 7
QIRJFQSR Yth

q
Vth
X (r(l +k) — r(1 +k, QSZQIR(HWCw)));%,,(w)clw.

Integral I, can be written in the form as in Equation (33), where expressions I, k=1,
2,3 are given as

(A8)

[e9)

NQ; Q. w —N-1 QY N
Ly = D/( D +1) dw:( D+1> ) A9
27 Orp Qrp Qrp g (89)

Tt
q
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T _07#;, NQID Q W -N-1
J— cw — CZU J—
Iy = f e TSR py(w)dw = Qrp f SR (W + 1) dw =
Tth ”Vrh
q
7 Oy N-1 _ N—-1-i
_ NOwp, elly ok 3 N-1 (—p)N-1-i ( Q, ) i (A10)
Qgrp P i QOrp

Qup N . i v O1p QO =N p Vih
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q

— e ayems (N

0
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N
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where & = QsrQp (T+7) ¢
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