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Abstract

Considering a dual-hop energy-harvesting (EH) relaying system, this paper advocates novel
relaying protocols based on adaptive time power switching-based relaying (AR) architecture
for amplify-and-forward (AF) mode. We introduce novel system model relaying network with
impacts of co-channel interference (CCI) and derive analytical expressions for the average
harvested energy, outage probability, and the optimal throughput of the information
transmission link, taking into account the effect of CCI from neighbor cellular users. In
particular, we consider such neighbor users procedure CCI both on the relay and destination
nodes. Theoretical results show that, in comparison with the conventional solutions, the
proposed model can achieve optimal throughput efficiency for sufficiently small threshold
SNR with condition of reasonable controlling time switching fractions and power splitting
fractions in concerned AR protocol. We also explore impacts of transmission distances in each
hop, transmission rate, the other key parameters of AR to throughput performance for different
channel models. Simulation results are presented to corroborate the proposed methodology.
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1. Introduction

Together with the rapid growth of services and applications in wireless communications, the

demand for increasing power consumption in wireless terminals has dramatically enlarged.
Motivated from advantages of various energy harvesting (EH) architectures, relaying
networks have now been proposed to improve the overall system energy efficiency through
considering information transmission and energy-transmission cooperation. The popular
energy resources in EH including solar and wind harvest that is intermittent under impacts of
the environmental alteration, radio frequency (RF) signal is considered as a new viable source
which can be applied in wireless power transfer (WPT). Recently, the huge number of
terminals with the enormous traffic load has increased the need for higher data rates and
capacity. Recent years, one of the key technologies for future 5G wireless communications is
that EH enabled relaying network. The main duty in such topology, to expand the coverage of
wireless networks relay node can forward signal to the destination node from the source with
helping of EH-asissted relay. As a result, combining EH and relaying scheme has received
significant considerations from the research community and it is nominated as a favorable
solution to resolve the energy shortage difficulties in energy-constrained wireless networks
[1-4].

In [5], an ambitious switching policy was taken into account, in which the EH relay node
switches between data relaying and EH function depending on whether or not the remaining
energy at the relay node make sure that decoding at the destination is successful. The authors
in [6] considered multiple source-destination pairs and a EH relay in terms of a cooperative
network. Since a large-scale approach of radio-frequency (RF)-EH was implemented in
wireless system, a network performance with random quantity of transmitter-receiver pairs
was investigated straightforwardly with the help of stochastic geometry. Furthermore, a
harvest-then-cooperate (HTC) protocol relying on the time-switching (TS) based EH
architecture for an AF relaying network was considered by Chen et. al. [7], where during the
energy downlink phase is scavenged by the source and the relay from the access point and they
also assist the source’s information transmission during the uplink phase. In [8], several
metrics such as ergodic capacity and the outage probability of a multi-antenna relay system
under the impact of co-channel interference (CCI) have been studied, where the exploitation of
CCl is considered as a promising source of wireless energy. According to aforementioned
studies, in EH relay systems, the operation mode of the wireless powered terminals [5] or the
scheduling of relay nodes [7] is not similar to that of traditional cooperative systems. Mainly
because scavenged energy at EH receiver relies solely on the instantaneous channel gains from
the source’s RF radiation, meaning that the system performance can be greatly enhanced by
the dynamic exploitation of wireless fading variance in RF powered systems. By designating
the cooperative role of each node dynamically within cooperative relaying systems, a
substantially better diversity gain can be derived, which was referred to as role selection
(ROSE) cooperation [8].

In another line of research, in [9]-[11], they assumed that deterministic EH model in which
the design system has exact information of the energy arrival time and the amount of harvested
energy, regarding model of EH relay systems, there were some power allocation policies given.
Nevertheless, due to the random energy arrival time and the amount of harvested energy, the
deterministic EH model seems to be evaluated in related systems. Furthermore, under general
energy harvesting profiles, the authors in [12]-[15] proposed a number of transmission
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policies. Particularly, because the stationarity and erodicity of the energy harvesting process,
the joint relay selection was introduced and power allocation schemes are investigated [12].
Likewise, in [13], [14], since during any time of data transmission, energy can be scavenged,
several power allocation schemes for cooperative EH networks were put forward. The study in
[15] based on what have been accomplished in [13] and [14] to expand the buffer-aided link
adaptive EH relay system, in which the change of EH rates can be positively assisted.
However, harvesting energy networks from resources in nature are the main focus in [15].
Recently, in terms of communication scenarios, WPT, which is a state-of-the-art technology
has attracted extensive interests [16]-[19]. In such technology, there are several ways that
energy can be scavenged 1) strongly coupled magnetic resonances, or 2) radio frequency (RF)
signals. However, relying on magnetic resonances energy transfer is limited to some extent.
For instance, energy receiver is required to install a coil tuned in order to resonate at precisely
the similar frequency to the coil on the energy transmitter, and near field induction actuates
energy transfer from strong nodes, namely base stations and vehicles. In comparison with
strongly coupled magnetic resonances, energy transfer based on RF signals transcends the
aforementioned limitations and energy and data can be transmitted by RF signals
simultaneously apparently. Therefore, a system model is introduced, namely simultaneous
wireless information and power transfer (SWIPT), which is also a RF-based energy harvesting
method, has attracted increasing interest, as energy can be harvested from RF signals and the
carried information is processed at the same time by network nodes [16] with the help of
SWIPT. The investigation in [16] also presented the concept of SWIPT for point-to-point
communication networks while the research results in [16] was continuously expanded in [17]
to consider frequency-selective channels. Nonetheless, a robust design of receiver is the
primary focus of the studies in [16] and [17], in which power from the same received signal
can be derived and seen concurrently and more importantly the carried information cannot be
decoded directly by practical circuits for harvesting energy [18]. Therefore, there was a
proposed model for a robust receiver design in [18], [19] with separate information decoding
and energy harvesting receivers, where receivers for information decoding and energy
harvesting are operated in a time switching or power splitting manner.

However, in multi-cell cellular wireless system, co-channel interference and related
research challenges are studied [20, 21]. Even though the proposed protocols in [22] the
outage probability and the average throughput are investigated under the effect of CCI on the
wireless powered communications, the energy efficiency still need be improved in EH
protocol. Together with novel scheme presented in [23], an adaptive receiving architecture
was proposed based on main idea of combining the time switching based relaying (TSR) and
power splitting based relaying (PSR) receivers [24] in order to obtain optimal performance.
Such adaptive energy harvesting relaying design is established to permit obtaining both energy
and information at the relay. Motivated by the these discussions, in this paper we propose and
analyse a relaying system with WPT under collecting CCI at the relay as an external energy
resource. Our results show that the TS factor and the transmission power at the relay should be
jointly designed to achieve an optimal throughput efficiency, and that optimizing the TS factor
alone is inadequate as performed in the literature. The main contributions of this paper can be
shown as:

i). The new architecture related to adaptive EH (namely AR protocol) is investigated
and the impacts of CCI on system performance are studied. Such system model is
designed as combination of the two traditional EH receivers TSR and PSR in one
adaptive receiver.
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ii). We derive some analytical expressions of cumulative distributation function (CDF)
of signal-to-interference-plus-noise ratio (SINR) and then throughput is derived for
both delay-limited transmission (DLT) and delay-tolerant transmission (DTT)
modes with considerations of CCIl and AR protocol applied at the relay.

iii). Next, Monte-Carlo simulations are presented the throughout to corroborate our
analysis and the impacts of some significant CCI parameters on AR protocol in EH
assisted networks are investigated.

The remainder of this paper is organized as follows: Section 2 presents the system model
and AR protocol is investigated in Section 3. In section 4, we derive the analytical expressions
of outage probability and throughput in DLT abd DTT modes. Section 5 examines the
simulation results. Finally, Section 6 completes with conclusion remarks for the paper and
reviews the important results.

2. System model

We consider cooperative AF relaying network, where the source (S) communicates with the

destination (D) through an intermediate relay (R). The link between the source and the

destination is unreliable or unavailable, so the transmission can only happen successfully with
the aid of the relay. In this study, the deployed relay node is characterized as
energy-constrained equipment. Furthermore, we assume a single antenna operated in the
half-duplex mode is equipped in each node to prevent the simultaneous transmission and
reception in the same frequency among nodes. The channel gains between the nodes are

modeled as hg, ~ CNV'(0,Qg) and hyy ~ CN(0,Q ), assumed that all channels follow
flat fading Rayleigh distribution.

Fig. 1. System model with energy harvesting relay and co-channel interferences.

As illustrated in Fig. 1, the network under this investigation is affected by CCI signals,
where h, , ~ C./\/'(O,Q,ix) is the complex channel fading gain between the i interferer and

node X, where X e {R, D}. In the presence of CCI signals, the overall performance of the
system can be deteriorated. However, with the help of harvesting mechanism at the relay, CClI
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signals become extra sources of energy and can be consumed to support the
relay-to-destination transmission. We assume that all channels, the desired channels and
interference channels, are independent from each other. Moreover, the distance between node

I and node j is denoted by d”, and m > 2 is the path loss exponent.

3. Adaptive Relaying (AR) Protocol

ENERGY
HARVESTING

pP ?

(1-a)T/2"™

INFORMATION
PROCESSING

(1-p)P

Fig. 2. Adaptive relaying architecture for energy harvesting.

In this paper, the relay harvests energy from the information signal and the CCl signals based
on AR protocol [23]. The relay utilizes the harvested energy to amplify the received signal and
then forward the amplified signal to the destination. The block time model illustrated in Fig. 2

presents the key parameters of AR protocol, where T is the block time in which a certain
block of information is transmitted from source to destination. The harvesting process occurs

during aT block time, in which 0 < @ <1. The remaining block time is equally divided into
two parts, that is (1— a)T /2. The first part is used for the source-to-relay transmission and

the second part is allocated for the relay-to-destination transmission. Unlike TSR protocol [4],
in the AR protocol, the relay also harvests a fraction of the received power, ie. SP

(0< S <1), the remaining power, (1— )P, is utilized for information processing. Notice

that,as  — 0 (or & — 0) the above model shares the same function as TSR model (or PSR
model).
Aforementioned, due to the presence of CClI signals, the received signal at the relay node,

Yr is given by:

M)
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where S, is the information signal with power of P =E{|SS| } d,  is the distance between

th

the i™ interferer and the relay, S,z denotes the i CCI signal with power of

Pr= E{|S|iR|Z} , Ly is the number CCl signals affecting the relay, Ny is the additive white

Gaussian noise (AWGN) with zero mean and variance of aé at the relay. In this paper, the
worst case is examined, where the power splitting scales down the signal power but the noise
power remains unchanged. This scenario provides a lower-bound measurement for relaying

networks in practice. Accordingly, after activated, an amount of block time, aT is spent by
the relay for harvesting energy, and thus, the harvested energy is obtained at:

EH :77[0!-%%}[ |h5R| IR|h|R| 2

where 77 (0 <7 <1) is the energy conversion efficiency. Since the energy harvested from

AWGN noise is significantly small, it can be neglected for simplicity. The relay then consume
the harvested energy and utilize that energy to support relay to destination information
transmission. Therefore, the transmit power at the relay is given by:

E R
Pp=—H = h h
" (1-a)T/2 |5R| Z‘d{“R LK ©

‘2

where 6 = (Za/(l— a)) + [ . Consequently, the relay amplifies and forwards the amplified

signal to the destination. It’s worth noting that CCls contributes as external interference to
destiantion node. Hence, the received signal at the destination is given by:

hl DSI D + n (4)

Yo hRDG+Z qr
@ 'jD

where Ny isthe AWGN with zero mean and variance of o7, d,  isthe distance between the
)

j™ interferer and the destination, S0 denotes the j™ CCI signal with power of

2
PI]—D :E{‘SIJD

factor and can be expressed as:

}, L, is the number CCI signals affecting the destination, G is the gain

%
P
G= J_[l B) |hSR| +(1- ﬂ)de e +URJ 5)

i=1
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For brevity in throughput analysis, the noise power term at the relay, aé, is assumed to be

significantly small compared with the main signal power. Under this high transmit power
approximation, the gain factor becomes:

%
G~ f[l B) s|hSR| +(1- ,Bzdm ,R\ +O'R}
i=1 Upr
PIR 2
) (dst|hSR| ZldlmR hI,R‘ }7
= - ié
(1 ﬂ |hSR| )Zl“d:nre h'iR‘ + P (6)
PIR 2
) {dst|hSR| IZl:dImR hIiR‘ ]77
2, On
(1 ﬂ |h5R| )IzlldlmR h'iR‘ + P,
9
1-p

Subsequently, by substituting (1) into (4), the received signal at the destination can also be
expressed as:

= 1= p)Bon, Do s,

A

(7)
+| 11— E IRh S,»+N Meo G+L§D —P"'Dh A
dImR RVLR R (—ng = dln;D 1;,0°1,D D

By assuming that oﬁ = aé = o, the received signal-to-interference-plus-noise ratio (SINR)
at the relay under high SNR approximation is obtained as:

1-B)-31|h 0 G2
j/D — ( dSR | SR| dRD (8)
L P
((1 R, m}'“' S
l IiR dRD —1d|jD

YsrY rD
(4 ) 70 + (15 +1) ®)
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where y, =(1- B)|hg[ P, /d2o? | 1,=(1-5)Y"

Lo 2 m
and 1, =Zj=1 h o P,JD/azd,jD.

hliRr PIiR/GZdITR v JRD =G2|hRD|2/d§D

4. Throughput Analysis

4.1 Outage Capacity and the Achievable Throughput

Considering on DLT where the destination can interpret the received signal by transmission as
block by block. As aresult, in DLT code length could not be longer than the the block time for
signal transmission. In this case, the source conveys data under the fixed rate and we first
examine the outage probability to obtain the average throughput as below expression

Co=(1-P

out

)R (10)

where B, =F (70), 7, =2%"—1and R stands for the transmisson rate of the soure node.

out

The throughput in the delay limited mode is achieved by:

(1-a)C,
To =—F7"— 11
o > (11)
It is noted that the optimal throughput is achieve by solving z3"™ = argmax (1—05)CO /2 .
(a:8)
However, since the derivation of the solution of the optimal throughput requires many

optimal

complex computational steps, therefore for brevity, 7 is obtained by simply applying
exhaustive search method.

4.2 CDF Calculation of SINR

In this section, the CDF of SINR can be calculate to find the throughput corresponding DLT
and DTT approaches as follow:

Theorem 1: Under high SNR approximation condition, the CDF of the received SINR at the
destination, F*" is given by:
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il -EERe(r)

i=1 j=1
o md 1/ - oYU
n° m j-1 J_]‘J@D U[i]J e s

X ; - _1
1;2[ n )" (1—1)!( ) (12)

o 2
x4 /LJKZ'”ZeXp £ K{Z r K]dK
Asp Ao 1 i) AspAro

where A, =(1- B) P Qg /dfo? and v, =(1-B)P,Q,y /di\o? . This theorem is
achieved with the help of the probability density function (PDF) of |, which is given by:

i=1 j=1 U[i]

=550 ._) 1exp(l] (13)

where CI);< is the (i,j)th characteristic coefficient of the diagonal matrix

X

X, :diag(ul, Uy,..., ULX) , n* is the number of distinct diagonal elements of X ,

Vi >U[i+1]>"‘>u[n><] are the distinct elements in decreasing order and m* is the
multiplicity of o, [22]. When the interfering signals are statistically independent and

identically distributed (i.i.d.), i.e., v, =0y, then n* =1, m* = L, ; the PDF of |, becomes:

,LX

fi ()= ﬁym exp(—ij (14)

In addition, when all of v, ’s are distinct, i.e. n* = Ly, mix =1; the PDF of |X becomes:

f,x(y)z_Lz:: lL_[ i k exp(_lj (15)

Proof: See appendix A.

Proposition 1: We consider two scenario, the case 1 as only one CCl signal affects R and D or
the case 2 corresponding the interferences are i.i.d., (12) can be simplified as follow:
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~Lq
F¥(y :1—exp[—LJ(U—Ry+1J
7D ( ) lSR ESR

-Lp Alup Lp-1 L. -1 i
Up~ € /4 D Lp—n-1
S K i o a0

RD n=0

© 2
XJK‘ZMZGXD(—K—JKl(Z 4 K‘}dk‘
1 Up Asp Ao
Denote SNRéPSQSR/o-2 as the average signal-to-noise ration (SNR) and

SIRx 2 PSQSR/ZZP“XQ,IX as the average signal-to-interference ration (SIR). It is worth

noting that in order to establish the i.i.d. case when L, >2, d, , and P, , must sastify the
following constrains:

2) Pllxgllx _ PIZXQIZX - _ PILXXQILXX and
diix dpx dyf x

b Lx Plithx _ SNR
) LT Tam,

Given the values of all d,  , P, , can be simply obtained as

dix  SNR
Plithx = LXIIX o (17)
z_ d" SIRx
i=1 i
Itis noted that channel condition i.i.d. when Q,, =Q, ., =...=€Q, , occursinascenario

where the near interferer makes smaller power transmitted to the affected node compared with
the far interferer. It means that the closer the interference is, the smaller power its interfered
node receive. A more realistic scenario is given by Proposition 2.

Proposition 2: when L, >2 and the interferences are independent and non-identically
distributed (i.n.d.), we then have a new expression for (12) as:
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F* (y)=1-exp| -
(r)=1-exp| —

7D

L, 4¢Y
<3211 - (18)

% 2
XjK‘Z exp(—K—) Kl(2 ’ K‘Jdk‘
1 Y Asp Ao

where Kl(.) is the first order modified Bessel function of the second kind [26].
Proof: when the interferences are i.n.d. and all of the characteristic coefficient becomes [25]:

LX
U .
D) = —, 1=12,...,L 19
il ey x (19
k=i

Applying the condition for the i.n.d. case above , it can be obtained the CDF of SINR at the
destination for the i.n.d. case. When L, =0, i.e. the system is unaffected by CCI signals,

F () then becomes:

7D
E% () =12 |7k (2 2 jexp(_L] 0
o ( ) ﬂ’SR/IRD ' /ISR/lRD ﬂ’SR

4.3 Upper bounds on the CDF

In this section, we define the upper-bound of the SINR at the destination node is defined as

VsrYrD
le +1) 7eo + 1

7o SVp = ( (21)

Consequently, the upper-bound for Fy’:P (7) in normal case, i.i.d. case and i.n.d. case is given
by (22) and (23) respectively.

Ly
Fyt:P (y)=1-T(1+ LD)[;—R;/H} exp[—llj

SR SR

) v (22)
xW 1[ D )/J exp [—D Z]
Lo /15R /IRD lSRiRD 2
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L | Le -1
F () =1- 4 (iy+1] exp[—l]
" ( ) 12—1: lt_—_!‘)i =0 [\ A Asg

(23)

Lo Lp

v, v, v, 7
X LW Ly |exp| ——L
; g U =Y 71‘% [ﬂSRﬂ’RD j EX’SRARD Zj

Proof: by letting the lower limit of the integral in the equation (16) and (18) to 1 and with help
of (EqQ. 6.643.3) in [27] the above results can be obtained.

5. Numerical Results

In this section, we assume o” =0.01W and L, =L, =5. In order to make the simulation

process simpler, the average SNR is set to 30 dB for most figures; we also assume that SIRx=
20 dB for most figures. The energy harvesting efficiency, 7 issetto 1; the transmission rate at
the source is set to 3 (bits/sec/Hz) and the path loss exponent is 2.4. In addition, the distances
are normalized as dg, =1.5 and d.; = 2.0 unless stated otherwise.

To evaluate the impacts of co-channel interference’s power to the throughput of the sustem,
we define ||ux||é[pl,p2,...,pLx] where P, Q, = p, (SI\I—R/SI_RX) and p, > p, > ...
...>p . Note that p, =1/L, for i.i.d. case. Finally, for simplicity, we let Q=Qg =1
and d, =d ,=...=d, .

Lx

+  Simulation

®  Simulation

0.4 Ana. .—gl’ 109

1048

0.7

06

throughput

0.5

Outage Probability

04

0.3

0.2

0.5 0.1

Fig. 3. Effect of time and power splitting coefficients on the throughput and outage performance.
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Fig. 3 plots the throughput versus EH time and power splitting parameters in AR protocol in
the left side of the figure, while outage probability in AR protocol is illustrated in the right side.
It can be show that Monte-Carlo simulation line trictly meets the anlytical line. For the left side
of Fig. 3, it can be shown that throughput increases as « and £ increase from 0 to the

optimal values, but later it starts decreasing as « and £ come cross its optimal values. The
system performance changed remarkably when varying time switching from about 0.3 to 1
while power splitting fractions has small impact to throughput as S € (0.2, 0.8). For the right
side of this figure, the outage probability decreases as « increases, for each value of « it is
observed that the outage probability decrease to a minimum value as £ and then if g

continues increases, the outage probability also goes up. Hence, it is shown that controlling
time switching and power splitting fractions provides optimal throughput performance. It
worth noting that deploying adaptive protocol in energy harvesting architecture is effecive
way to find optimal system performance.

—fAna AR

m— fna TSR
—pna PSR
waww Upper-Bound
#*  Simulation

Optimal throughput
k.

1 15 2 25 3 35 4 4.5 5
R
Fig. 4. Optimal throughput as varying of the source transmission rate, R .

As observation in Fig. 4, to study how the source transmission rate R can contribute to
enhance on the optimal throughput performance by changing R from 2 to 6 as shown in Fig. 4.
It can be seen clearly that R improves the throughput firstly as the concerned rate go up to
appropriate 3.5 with expected throughput and then higher rate leads to increasing the threshold
SNR in calculation of outage probabilty. As a result, outage performce at higher rate will be
worse and making the system throughput decreases significantly, especially in case of R =5
(bit/sec/Hz). It is noted that the AR in this scenario operates exactly as the case of PSR, after
that the throughput starts decreasing as R increases further. In addition, the AR performs
exactly as TSR case at high transmission rate. However, with medium value of the transition
state (i.e. transmission rate changes from 3 to 5 (bit/sec/Hz), the AR-based system obtains
higher throughput in comparison with both PSR and TSR. In addition, it can be seen that i.i.d
channel contribute to better thoughput performance than i.i.d channel in corresponding
protocol.
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Fig. 5a. and Fig. 5b. illutrate impact of distance on system performance. In particular, to
explore the influence of dsg and dgp 0n the system throughput, one of them should be fixed as
illustrated, and remaining distance changes in range from 1 to 5. Fig. 5a. and Fig. 5b. display
the optimal throughput versus dsg and drp, respectively. As observation from the figure, the
AR with optimal time/power allocation in energy harvesting architecture leads to gain better
performance than PSR and TSR along with the distance increases from normalized one. The
reasonable scenario is that adjusting the distance to small corresponding two nodes are closed
positions and hence the relay needs little energy. This circumstance is equivalent with the AR
employs exactly as PSR scheme, and there is no information missing. In constrast, in case of
the distance rises, the PSR converts unable to harvest the required power. It can be concluded
the AR allocates best time and power fraction to harvest energy, and hence the AR has larger
throughput in comparison with the worsest case of PSR. The such performance gap can be
seen clearly at maximal distance. It can be show that the optimal relay location is closer to the
source to gain better performance.

an=1'5 dSR=1'5
0.8 0.7
— f0E. AR w— AnA. AR
0.7 m— fAna. PSR 06 | — Ana. PSR
—fna. PSR ’ — Ana. PSR
=w s | Jpper-Bound sxwm Upper-Bound
0.6 ¥ Simulation ¥ Simulation

=
[54]

<
w
T

Optimal throughput
(=]
.

Optimal throughput

=
]

o
.

SR RD
a) Effect of the first hop’s distance. b) Effect of the second hop’s distance.

Fig. 5. Impact of distance on the system throughput.

Next, Fig. 6. demonstrates the optimal throughput as varying the average SIR/SNR. As
illustration in the figure, the optimal throughput increases as the average SIR/SNR increases.
The main reason is that the higher power of the CCI components results in decreasing the
average SIR/SNR and then it can weakens the system performance. The blue line clarifies the
optimal throughput for AR protocol which is always outperforms TSR and PSR protocol.
More importantly, the line graph showing AR and PSR protocol are greater performance
compared with the TSR protocol, this trend is more clear at high SNR (i.e. SNR is greater than
15 dB). It noted that we use specific value of the SNR in this simulation result for such
evaluation.
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average SNR = 30 dB average SIR = 20 dB
17 0.45
=—fna. AR o
0.9 Ana. TSR . 0.4
Ana. PSR -
0.8 fluaun Upper-Bound _: 0.35
#* Simulation | .
07 » = L .
2 2 0.3 x
go6r s ;
5] <} 0.25 »
£ 05 = M
| | 021 .
Eoaf £ ;
=2 e :
S sl O 0.15 E —— Ana AR
M — fAna. TSR
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Furthermore, in Fig. 7, it can be obtained the floor value of the throughput in range of the
number of CCI sources from 2 to 6. The similar trends of three protocols can be seen in this
experiment, it confirms the advantage of AR for imroving throughput performance. In

addition, the proposed system with non-CCl (in case of L, = 0) scheme gains better
throughput as compared with CCI scheme.
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Considering on different [[o, || for the adaptive relaying protocol as in Fig. 8. The blue and

red curves are obtained from i.n.d. case while the black one can be obtained from i.i.d. case. It
is confirmed that different distribution of P,,€,, also plays an important role in the

throughput of the system. Specifically, i.n.d. condition results in a better thoughput than that of
i.i.d. case.

Remark 1: In general, one can observed from Fig. 4 to Fig. 7 that the upper-bound curves
become approximal to the analytical curves under some specific circumstances. Consequently,
we can effectively adopt (22) and (23) to measure system performance rather than (16) and

(18), since the complexity of F*" () is higher than thatof F,” (y) due to the integral parts.

6. Conclusion

This paper proposed and analyzed the performance of the energy harvesting-based relaying
networks in the presence of CCI sources. The relay and destination node obtain more
advantage from harvested energy from CCI as ambient RF sources. The explicit schemes are
proposed at relaying network under impacts of CCI to increase the power transfer efficiency.
By applying the propositions, the exact analytical expressions for the outage probability and
the optimal throughput were derived. We showed that the system performance can be
significantly improved by deploying AR protocol with optimal time and power allocation for
energy harvesting receiver and multiple CCI sources for higher throughput in the proposed
system model.
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Appendix A

PROOF OF THEOREM 1:
The CDF of random variable y can be expressed in probabilistic function as follow:

_ VsrY rD

FyD(y)_P{(lR+1)yRD+(|D+1)<7} (24)
_a 7 I, +1
=1 IEw|DJMJ{eXD( XSR{('R-+1)+-(—;;;—j}]} (25)
_1_ _r _r
=1 exp[ ﬂSRJE,R{exp( /15R|Rj}

)
o Ase \ 7ro

The second equality is due to the CDF of 7, i.e., F,_(7)=1—exp(—y/Ay) while (26) is

(26)

achieved because |, |, and 7y are independent random variables. The first expectation in
(26) can be expressed as:

T 27)
=> > of i jx"lexp B A Y 1
i=1 j=1 (J _1)Io SR U[|]
nRome U_j D -]
- of A, (28)
i1 j-1 : (J _1)!(/192

In the above expressions, (27) is obtained by using definition of expectation factor, i.e.,

E{Y}= j yf, (y)dx, where Y is a nonnegative random variable and f, (y),y >0 is its PDF.
0

Furthermore, the last equality is derived with the help of identity (Eq. 2.3.3.1) in [27]. The
second expectation in (26) can be calculated as follow

1 Xx+1)1
- f,D(x)j/1 exp{—y(/1 )__iy }dydx
0 RD SR y RD

(29)
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—2 |7 I\/x+1K1[2/ Y \/x+1jf,D(x)dx (30)
ﬂSRﬂ’RD 0 ﬂ’SR/q’RD

The first expression is obtained by using the PDF of pzy , Ie,
f,(Y)=exp(=Y/Ap)/rp - Furthermore, (30) is obtained by applying (Eq. 2.3.16.1) in

[27]. Accordingly, by substituting (14) into (30), given X = D and let & =~+/X+1, (30)

becomes:
D mP i/ : -j ¥4
CEE(-1 e j-n-1
E|D'7RD {} = ZZ( n JGJ'IJD (J_l)l (_1)J

i=1 j=1 n=0

® 2
x4 [LJ.KZM exp 5 K{Z /LK]dK
ﬂ’SR/lRD 1 U[I] /,l’SR/lRD

The above result cannot be expressed in closed-form under our best knowledge. Hence, by
substituting (31) and (28) into (26), the desired CDF, F, (), is obtained.

(31)
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