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Abstract

This paper studies the effect of co-channel interference (CCI) on energy
harvesting (EH) from radio frequency (RF) signal and the performance
of reliable communication. An overlay mode of cooperative cognitive
radio network (CCRN) model is considered that may support one-way
communication between primary users (PUs) and two-way communica-
tions between secondary users (SUs). Closed form PU and SU outage
expressions are derived in presence of CCI at two SU nodes and mul-
tiple antennas at PU transmitter. The absolute impact of CCI on the
performance of the proposed system is analysed with respect to various
parameters like, transmission power, interference-to-noise-ratio (INR),
power splitting factor, number of CCI sources and number of anten-
nas. About 20% and 15% improvements are achieved for PU and SU
outage using two antennas compared to single antenna system model.

Keywords: Simultaneous wireless information and power transfer, co-channel
interference, cooperative cognitive radio network, multi-antenna system.
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1 Introduction

Despite the remarkable developments over the last two decades, wireless net-
works still coexist with various challenging issues like, the area of coverage,
scarcity of spectrum resources, reliable data transmission, interference from
different co-channel interferers [1], lack of energy back-ups for wireless nodes
etc. Cooperative communication using relaying technique is one of the most
useful solutions to enhance the area of coverage, reliable communication and
to minimize various sources of interferences [2]. In addition to that, cognitive
radio networks (CRNs) [3] have emerged as a promising network architecture
to address the issue of spectrum scarcity using spectrum sharing techniques.
Various spectrum sharing modes are popularly known as interweave, underlay
and overlay [4]. Two nearest nodes can access licensed spectrum using inter-
weave mode of spectrum sharing in absence of primary users (PUs). In underlay
mode of spectrum sharing, both PU and secondary users (SUs) can communi-
cate simultaneously communications maintaining a constraint of interference
due to SUs communication on the transmission of PU signals should be below
a maximum threshold limit. In overlay mode of spectrum sharing, SUs can
access PUs spectrum to send their signals, in return of that they need to
perform like relay node between two or more PU nodes. Co-operative CRNs
(CCRNs) [5] have been found as a prominent system architecture to address
some of above mentioned challenging issues specifically, scarcity of spectrum
resources and network lifetime along with the sustainable operation, leveraging
the growth of CR enabled spectrum sharing communication and simultaneous
wireless information and power transfer (SWIPT) [6]-[8].

Two-way relay based cooperative communication along with overlay mode
of CRN can be developed to serve two simultaneous communication sessions
through the common access of licensed spectrum by SU nodes. This framework
is most useful for internet-of-things (IoT) [9] network driven by device-to-
device (D2D) [10] based application in massive machine-type communications
(mMTC) over the available spectrum of cellular network [11]. In addition to
that in cellular network, it is seen that co-channel interference (CCI) from
different interferes have dual effect on SWIPT enabled one-way or two-way
relaying. It shows its bad effect in form of interference, leading to deterioration
on information transmission rate of relay node. At same network, CCI can pur-
posely be used as a part of source of energy harvesting (EH) to empower the
relay nodes. In the existing work, decode-and-forward (DF) relaying mecha-
nism [12]-[13] is studied to analyse the network performance of RF-EH enabled
one-way SU communication considering both good and bad impacts of interfer-
ence [14]-[16]. SU outage performance along with ergodic capacity is analysed
in [14] for underlay mode of CCRN considering both delay-tolerant and delay-
limited transmission. Dual impacts of CCI is studied in [15] using power
splitting (PS) [17] and time switching (TS) [18] protocols to investigate the
performance of IoT network over cellular spectrum. The authors of [16] also
consider the influence of CCI on radio frequency (RF) EH enabled overlay
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mode of CCRN. In [16], three independent transmission slots are considered
for one-way PU and one-way SU communication.

None of the above mentioned studies have shown the dual effects of CCI on
the reliability of SWIPT enabled two-way SU communications. Furthermore,
the issue of multi-antenna transmission is a key feature of modern wireless com-
munication (i,e, 5G/6G applications) has not yet been investigated in above
studies. Additionally, the utilization of pre-assigned time slot for EH is found
to be inefficient scheme [19]. Instead of that, energy and information trans-
mission at the same time slot applying hybrid power-time switching relaying
(HPTSR) protocol [20] is more effective to obtain high achievable throughput.
Moreover, Nakagami fading is adopted in the open literature for more efficient
modelling of RF EH [21].

Motivated by the above mentioned issues, the current study highlights the
effect of CCI on the system reliability of a SWIPT enabled multi-antenna
model with spectrum sharing communication over Nakagami fading chan-
nels. The proposed model adopts HPTSR protocol. As Compared to [16],
this work studies the system performance of RF-EH enabled one-way PU and
two-way SU communications in presence of multiple CCIs at SU nodes and
multiple antennas at PU transmitter. The main contributions of the work are
summarised as below.

e A three-phase overlay mode of CCRN frame structure is proposed for one-
way PU and two-way SU communications using HPTSR protocol in presence
multiple CCIL.

e Both the analytical expressions of PU and SU outage are derived.

e Impacts of power sharing factor, PS factor and power level of multiple
CCI on the performance of the proposed system are shown through simulation
results and the effect of multiple antennas on the system performance is also
shown in the results.

The meaning of various symbols used in signal description is listed in Table-
1. The rest portions of this paper are organized in following ways. The detail
description of system model and protocol is given in Section 2. PU and SU
outage derivations are given in Section 3. simulation results are provided in
Section 4 and in Section 5, paper is finally concluded.

2 System Model and Protocol Description

As shown in Fig. 1, an overlay mode of CCRN model is adopted that enables
one-way PU communication between PU transmitter (PUr) and PU receiver
(PUg) and two-way SU communications between SU; and SUs. Due to absence
of line-of-sight between PU nodes, PUr requires the cooperation from the
nearest secondary nodes to relay its information to the PUg. Eventually, SU
nodes can share the PU spectrum to send its own data for the necessary
communication purpose. PUr is assumed to have multiple antennas while SU
nodes and PUpg are associated with single antenna. It is further assumed that
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Table 1 Symbols and Meaning

Symbols [ Definitions

hyjn Coefficient of link between PUr and SUj, (j € 1, 2)
ha; Coefficient of link between SU; and PUg

hs Coefficient of link between SU; and SUs

Cji Channel coefficient between the SU; and the i*? interferer (I;)
my Nakagami shaping factor

Dsjl Distance between PUr-SU;

Dsj2 Distance between SU;-PUpg

D3 Distance between SU1-SUq

dji Distance between SU;-1I;

Npu, Nsu | Received AWGN at PU, SU

o? AWGN variance

T Time allocation for EH

Pj PS factor of SU;

v Path loss exponent

n RF-to-DC conversion efficiency

B Power allocation factor

Pr Transmission power from PUr to SU;

P[ﬂ Transmission power from I; to SU;

PUr is empowered through its own energy back-up while SU nodes are not self-
sufficient in terms of their energy back-up. Therefore, SU nodes are empowered
by EH from information carrying RF signals following HPTSR protocol. It is
also considered that internally several EH circuits are placed in parallel and
therefore, the characteristics of harvesting energy is linear in nature. Different
links present in the system may follow Nakagami distribution. The target rate
of SU and PU information transmission can be set as %5 and Zp, respectively.

Let hlj771 = [h1j717h1j,2,---,hlj,NpaL hgj and hs (J (S 1, 2) be the channel
coefficients between PUr and SU;, SU; and PUg, SU; and SUy, respectively,
where hyj, ~ CN(my,1) and hoj, hs ~ CN(my,1). (j; is the channel coeffi-
cient between the SU; and the it" interferer (I;), with (j; ~ CN (my, 1). Symbol
my, indicates the Nakagami shaping factor and Dsjl, Dsj2, D3 and dj; are
the distances between PUp-SU;, SU;-PUg, SU;-SU; and SU;-1;, respectively.
Npu = Nsy ~ CN(0,0?) define the additive white Gaussian noise (AWGN) at
the receiver of PU and SU nodes and o2 is used to indicate AWGN variance.
It is assumed that necessary channel state information (CSI) is not available
at the Primary nodes.

In Phase-I, PUr transmits its signal X,; to both SU nodes. Both the SU
nodes use the received RF signal purposely for EH and information decoding.
SU; (SUs) relays received signal from PU transmitter to PU receiver and at
the same time, it transmit its own information X,; to SU, (j # p; j,p €
1,2; &p = 2 for, I = 2 and p = 1 for, I = 3) in Phase-II (III) using its
harvested energy in Phase-I. Signal received in Phase-I at SU; from PU7 and
the interferers is expressed as

Ny, N; Pr,;
YSUj - Znil (Dlz,;;Tl)V hlj,nXpt + Zi:l (dj:)” CjiXIj,; + Ny (1)
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Fig. 1 System model and time frame structure

where P is the transmit power of PUr and Py, is the transmit power of I;.
The symbol v is used to indicate propagation path loss exponent.
As noise power level is very low, therefore, harvesting energy from noise
signal is not considered at SU;. Thus, the maximum harvesting energy at
Npa Sty Pry,1¢l?

. : o [ Zn2e Prihagal® =
SU; can be determined as E; = 7p; (D57 + @7 7T. The

symbol p; (0< p; <1) is used to define PS factor of RF EH circuit at SU;.
Available harvested power at SU; to broadcast the signal in Phase-l (I € 2,3)

can be expressed as P}h = % 7 (0 < n < 1) is energy conversion efficiency
2

. . _ npiPr 21 _neiPr; o
of RF EH circuit. ¢ = (5557 52y, 0 = <7 ey
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The remaining portion of the received power after EH, (1 —p;)Pr at SU; is
applied to decode the received information in Phase-I. Achievable throughput
at SU; for decoding of PU information in Phase-I is written as

ZNM (1—pj)Pp

n=1 (Ds; )" lhijnl?
v (2)
2

i (= PJ)PI I¢5412
(d—+o-

P -
Rng) = TT 10g2 (1 +

i)Y

where BP;h (0 < B < 1) part of available harvested power at SU; is used to

send PU information and rest (1 — ﬂ)P}h part of available power is used to
transmit the signal X; to SU, (4,p € 1,2). SU; can transmit combined signal

X, and it can be expressed as X, = BP}tht +4/(1 - B)P;thj.

. "Pl, |hay?
In Phase-l, the received SINR at PUg, can be expressed as v = f,”’*'r“z‘
b Pl [hoj [P+1
g B g (1-5)
and a = (Dsj2)vo?? b = (Dsj2)vo?"
Achievable data rate at PU receiver in Phase-l can be written as (on the

basis received SINR at PU receiver)

RPUR]‘ = (1;7—) 10g2{1 + /y} (3)

The signal received at SU, can be written as

(1-B)P), P,
Vi =\ —— 2 h, X, hp X
SU, D3V §4%+87 + DBV s pt +

Desired signal PU interfering signal

Z pl sz + QSB/ (4)

Noise

Interfering signals from interferers

Based on prior knowledge of PU information from the received signal, SU,,
is able to extract original SU data and remove the PU signal from the received
signal. Therefore, achievable throughput at SU, in Phase-l can be written as

1 ¢ Plylhs|?
Rsun., = 57 loga {1 " W} ®)

T (1-B) o Pr .
where ¢ = 500, dil = i
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3 System Outage Analysis
3.1 PU Network Outage Analysis

PU outage probability can be mathematically expressed as

PrfY =(1-Prg,) x (1= Prg.,) (6)
where Pry,, = Pr (R(IP > Xp) X Pr(Rpuy, > %)
%,_/

Success of link PUr — SU; Success of link SU; — PUg
Based on (2), the probability of success of information transmission from
PU7r to SU;, is written as

Apj Tj—utl

Cpo, il
Ap X o0 Ji

Pr {70,) ZA Zutl} = [ fa;(@))dz; Of [z (25)dz; (7)
Jr Ut

Ap,

where Ap]—%, iji:%7 ut1:2<@) — 1. Random variables
X;=| h1jn |2, X3=| ho; |? and X;=| hs |? follow Nakagami distribution.

It is assumed that geographic location of interferers are randomly dis-
tributed and specially, they are located in other cluster of cellular network
[22]-[23]. Therefore, Z;, V,, are considered as the sum of N; number of exponen-
tial random variables and the variables are independent identically distributed
(ii.d.) [24]. Following central chi-squared distribution, Z; and V,, can defined

Zi=| Cji ? and V=] Cpi |?. Probability density function (PDF) of gamma

NN Ni—1 ]
P exp| ——-
s . ] } N\ N;
distribution of Z; can be defined as fz,(z;) = TN
(Npamk)NpamkI;Vp“mk7lexp S )
i i ) = Npg ™k
PDF of X is expressed as fx,(z;) = X O Ty

Therefore, (7) can be expressed as [19], [25],

(N, ., N, bl
Pr A,,J.Xj > _ ( paMk> PamkApj) —exp(Nim’“)
Cp, Zi+1 = 7t T(Np, mk) Cryi

MP(APj)pa_T(utl)T( i )paF[m,n,x t1 (NpakarN“ij” )]

ij,;“tl Cpjiutl
(N N; "LchpJ )mrn (8)
pa Mk Cpji 1
where m,, = N, my + p, — 7. I'(.,.) indicates upper incomplete gamma

function and ~(.,.) is the lower incomplete gamma function.

N;mp —1 a ,
Mo = Zale T SR (S () (Npg mg) Vra ™k
P Pa T (Np, mr) .
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(mg)

o
2M, { Lipti } Ko, {ka Lipli }
I= R v\ Npa kT
L(m) | Npgmp—=—5%

(ma—j¢)
2

Jt
Np,mp+r—1 Uiy N, aN; [ugy N
P k tpNp 2 . tpNp
Z.nfa() {aa} {“ka <NPLL bb>} K"lm—.7t{2mk %}
el

— Jt"lt
lZMp o N\ Nra T ]
F(mk)(ﬁ) (Npamk*%)

(mp+pa)
2
QZNP«:"W” (% (my)™k+Pa

p(l
% (Nil:nk) (utp)P2~"(a)"T(Np, mp + 1)

pPa=0

im Pa —r r
(2 ) ™ (g )P (@) TNy, g+ 7) + T

X Koy —pe (mW%)] (10)

The probability of successful data transmission from SU; to PUp is defined
as [19]

w B 5
Pr {x?’ 2 m] =1, for, us < =] -
0, otherwise.
(29331, )
Now, Prxs > ;-] can be expressed as (10) [25]. Here ugp = 2177/ —
L uy = @,'Z)%» my = Mmy—pe+7. Finally, closed form PU outage expression

is possible to derive by putting (8)-(10) in (6).

3.2 SU Network Outage Analysis

The outage probability of SU network is mathematically defined as Pr5l =
1 — [Pr(RY}) > %,) x Pr(RS;) > #,) x Pr(Rsuy,, > %s) x Pr(Rsuy,, >
Rs)).

. ! (am;+bz;) s ro.
Following the way of (10), Pr [% > uts} = [ is deter-
mined as (11) [25]. wus = 2(?‘7) -1 mg = mi + po — T +
Tq — Te — Tm, K,(.) indicates the mathematical notation of modi-

fied Bessel’s function. Based on (8) and (11), one can determine the
s (P4 7) Tieo ZZ::J to—o(-1)'

closed form SU outage. where Y,, = (tT"u)t o ST O(Rtrtrt)
tq to—tr u— Ri—1
Ztrzo Z” —o (T )( a) (ir) (t " ) (R:) ZT<=0 ZT;—O ( )
Myy, = Np, My + Pa — T, Rt Np,mp +1+1ts —tq + 71, Ts = Mk — pa +

T2ty —tqg — 15 — 1y, Ty = Do — 17—t + Nymy,.



Springer Nature 2021 B TEX template

Article Title 9

c

Pa , ty—Tu ts—ta
I Mp(m?k) (%V“’Wrmw)“‘r*”im““’”(%) 2<%) (~a)

I\t
D(mi)D(Nimy ) (Nimg )Pe ==tk = (N my) Be=re (Nmik

7
wpgdi

Tms

ta—tr—1; ta—tr—27; Te—Tj T 2
(1) ()" T (M )T (e ((Meatpen ) 7 e
b c di ac ac
ugs N, '
ts
XKTMS{ZT)’L;“/ ac/pa}+

. Te=Tg
(di") " T(my) <7““N";1 = ) PRI I (o)) (7“”7”“ )

ac g ac

(msr)

X

’

g Tm
Tb!relr(mk)F(Npamk)(#k) :;:b:o( ac ) (’:';b)(Npamk)Pa*'"b*wﬂ

7
upgdi

(11)

4 Numerical Results

In Table-2, the simulation parameters are provided. The location of both the
SU nodes are considered at the middle between two PU nodes. Received power
at SU; from PUry is considered 1.5 dBm and almost 10% PU outage is observed
for 8 =0.94 at PU transmit power (Pr)=43 dBm. Monte-Carlo simulation is
done to verify the analytical results. MATLAB software is used to analyse the
performance of proposed model.

Figure 2 depicts the outage performances of both PU and SU network with
respect to power sharing factor (3). As illustrated in figure, outage performance
of PU network is degraded and outage performance of SU network is improved
with the gradual increase in 8 value. At the very high value of 8, SU outage
is found to be very poor for reliable communication. At the high value of 3,
allocation of more power for PU transmission and less power allocation for

Table 2 Simulation parameters

Parameter
Values

pP1=p2=p 0.9
n 0.9
T 0.5
v 2.7
L, 70 m
ds 15 m

Noise variance -90 dBm

KLy 1 bps/Hz

X s 0.2 bps/Hz

1_22N,;m1@—1 N;my Pa™Tg Pa (_1)rb ac_ Pa=Tb=Tm
Pa=0 di’ ry=0 Uts

[ugsN
Ky, (ka LtZC,Pa )

|
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[
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1["15 1 1 1
0 02 0.4 0.6 08 1

Power Sharing Factor (p)

Fig. 2 Outage probability vs. 5 at transmit power=43 dBm

SU transmission is the reason of these outage performances of the proposed
system. About 99% PU outage performance is improved at 8 = 0.97 and about
86% SU outage improvement is found at 8 = 0.1.

Figure 3.a shows the outage performances of PU and SU outage vs received
INR at SU;. Simulation outputs exactly satisfy the analytical outputs. If INR
is less, then PU and SU outage are found as low. As shown in figure, SU out-
age deteriorates (increases) very fast with increasing INR and after reaching at
certain level of INR, SU outage is the worst (found as 1). A sluggish improve-
ment of PU outage (decreases) is observed with the increase in the level of INR
and it can reach its minimum probability for certain level of INR. Thereafter,
the enhancement in INR level is responsible for further PU outage deteriora-
tion. About 20% and 15% performance gains are found for both PU and SU
outage for the increase in IV, from 1 to 2 at INR=46 dB. It is also depicted
in figure that if INR crosses 50 dB limit, the improvement of SU outage is
insignificant for the increase in IV, from 1 to 2.

Table 3 Comparative outage performance study of SU network for the presence or
abence of CCI at SU nodes

Outage probability at transmission

power=45 dBm Presence of CCI  Absence of CCI
For p1 = p2 = p=0.9 0.5982 (N;=1), 1.98x10~10
0.6724 (N;=4)

Improvement at
p=0.9 over p=0.6 18% (for N;=1) 29%
For Np, =3 0.65 (N;=4) 1.78x10~10
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Fig. 4 PU Outage probability vs. transmit power for N; = 2, Np, = 1, INR=100 dB
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Figure 3.b and 3.c illustrate the response of PU and SU outage probability
with respect to the change in PU transmit power. The observation in Figure
3.b is found for different values of N;, p and the observation in Figure 3.c
is found for different values of N, , N;. The performances are depicted for
received INR = 51 dB. When /3 is high, then the performance of PU outage
is better (low) than SU outage. With the increase in N, the performances
are improved together. As CCI is also the source EH, therefore, harvested
energy is enhanced with the increase in V; and its effect is also observed on the
performance of the proposed system. PU outage variation is not so significant
but, the outage variation of SU is more sensitive with the change in the value
of Nl

As shown in Figure 3.b, it is observed that if p is chosen for a certain level
of interference power, then the performance gains in terms of both PU and
SU outage are achieved. It is also observed that both the outage performances
are very poor at very low value or very high value of p at the fixed value
of 7. The performances are found to be optimum at the moderate value of
p. The characteristics of the plot can be explained as follows. If p value is
very high, power allocation for harvesting energy is also found to be high and
consequently, less power is allocated for information processing. Therefore,
high value of p is the reason to obtain low data rate of achievable throughput
in first time slot following (2). Reverse case of low achievable rate of relaying
occurs for low value p.

Figure 3.b shows 58% and 18% PU and SU outage improvements at p=0.9
compared to p=0.6 for Pr=45 dBm and N;=4. It is also observed that SU
outage is 11% deteriorated with the increasing number of interferers from N;=1
to 4 considering same mean interference power.

In Figure 3.c, significant outage improvement is seen for the increasing
number of antennas at PU transmitter. 48% and 10% PU and SU outage
improvements are achieved for increasing number of antennas from N, =1
to Np,=3 at Pr=45 dBm and N;=4. It is also observed that PU outage is
same but, SU outage is found to be inferior (high value) in presence of CCI
compared to the absence of CCI at SU nodes. In Table-3, a brief comparative
study i shown on the performance of SU outage between the proposed system
in presence of CCI and in absence of CCI.

The PU outage performance comparison between the proposed network and
[16] is shown in Figure 4 with respect to transmit power for N,, = 1, INR=70
dB and NV; = 2. Since, two SU nodes are associated with the transmission of PU
information, therefore, the proposed network performance is better than [16].
About 26% performance gain is achieved using the proposed network compared

o [16]. As the performance gain of SU outage of the proposed network is
insignificant compared to [16], therefore, SU outage performance comparison
is not shown in the figure.
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5 Conclusions

In the present work, the dual effects of CCI from multiple interferers and
the positive impact of multiple antennas present at PU transmitter on the
system performance of RF EH enabled one-way PU communication and two-
way SU communications is discussed for an overlay mode of CCRN. Closed
form PU and SU outage expressions have been analysed that exactly match
the simulation outputs. The proposed system is performed better at higher
value of PS factor with large number of CCIs. It is found that the performances
of PU and SU outage are improved by 48% and 10%, respectively with the
increasing number of antennas from 1 to 3.

e This work is possible to extend further considering the presence of CCI
at both PU and SU nodes.

e The similar network performance analysis can be done for amplify-and-
forward relay assisted underlay mode of CCRN.

e Outage analysis is also possible to extend considering the non-linear effect
of RF EH circuit.
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