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ABSTRACT This article considers an interference-based radio-frequency energy harvesting (RF-EH)-
empowered wireless dual-hop amplify-and-forward relaying system in which an ambient interferer is
beneficially utilized as the solely free power source for EH and detrimentally considered as the dominant
factor that corrupts its receivers. Three EH modes are considered and analyzed separately. In mode I,
energy is harvested only by the source; in mode II, energy is harvested only by the relay; and in mode
I, energy is harvested concurrently by both the source and relay. Under these modes, exact and approximate
analytical expressions are derived for the system’s outage probability, which are directly used to determine
the system’s delay-limited throughput as a performance figure of merit. Thorough numerical and simulation
results are presented to verify the analytical work and to demonstrate the system’s throughput performance
under different system and channel parameters. For example, results reveal that for given channel conditions,
increasing the interferer’s power reduces the throughput in case of modes I and II, and has no effect on it in
case of mode III. Also, for given interferer’s power, improving the channel conditions between the interferer
and a harvesting node, improves the throughput, while improving them between the interferer and a receiving
node, degrades the throughput.

INDEX TERMS Energy harvesting, fading channels, interference, relaying systems, performance analysis.

I. INTRODUCTION

Employing green communication technologies has become
an urgent need to enhance the self-sustainability and to
prolong the lifetime of the ever-growing modern wireless
networks. In general, attaining green communications is pos-
sible through several approaches including adopting energy-
efficiency communication schemes, using extreme low-power
consumption devices, and advocating wireless energy harvest-
ing (EH) methods [1], [2], [3], [4], [5]. Among the diverse
wireless EH methods, wireless radio frequency (RF) EH
(RF-EH) has been shown as one of the most significant solu-
tions toward green communications especially in large-scale
and large-dense wireless Internet-of-Things (IoT) networks,
and hence, it has gained noticeable interest in the research

community [5], [6], [7]. In wireless RF-EH, propagating RF
signals are utilized by energy constrained network devices
that are equipped with dedicated EH circuits to harvest en-
ergy needed to support their own communication operations
and/or to recharge their batteries [8]. Wireless RF-EH can
be classified into three paradigms; namely, wireless power
transfer (WPT), wireless-powered communication networks
(WPCNs), and simultaneous wireless information and power
transfer (SWIPT) [9]. In WPT, dedicated RF power transmit-
ters are deployed to broadcast downlink non-informative RF
signals to be utilized for energy harvesting by neighboring
energy constrained users [10]. In WPCN, dedicated RF power
transmitters are used with two active links, the downlink and
the uplink. As similar as the WPT scheme, the downlink is
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used by surrounding users only for energy harvesting pur-
poses, while the uplink is used by the same users to traverse
their own information signals through [11], [12]. In SWIPT,
the downlink of classical centralized base stations is used to
simultaneously carry information and energy to surrounding
users equipped with energy harvesting and information decod-
ing circuits [13], [14], [15]. The SWIPT paradigm is further
categorized into three modes of operation; the time-splitting
(TS) mode, the power-splitting (PS) mode, and the hybrid TS-
PS mode [13], [16], [17], [18]. In the TS mode, the signaling
period of the transmitted RF information signal is divided into
two fractions; the first fraction is used for energy harvesting
and the second one is used for information decoding. In the
PS mode, and over the whole signaling period, the power of
the RF information signal is divided at the receiving user into
two fractions; the first fraction is used for energy harvesting
and the remaining fraction is used for information decoding.
In the hybrid TS — PS mode, the TS mode is employed as
described above, but, over the second time fraction, the power
is divided in accordance to the PS mode [18].

It should be noted that in the three aforementioned wire-
less RF-EH paradigms, dedicated and non-free power sources
or centralized base stations are required. In this regard,
and for the sake of improving green communication ef-
ficiency, the interest towards utilizing non dedicated and
free RF power sources is currently increasing. Among such
sources, ambient interferers, which are strongly inherited
in wireless networks (especially in the modern ultra-dense
5G-based IoT ones [19]) have been recently suggested to
be utilized as non-dedicated free power sources for RF-EH
purposes [20]. In such interference-based RF-EH systems,
energy constrained terminals can follow the TS-based harvest-
then-transmit mode, in which the signaling period is divided
into two fractions; one is allocated for RF-EH from the
ambient interferer and the other is allocated to complete
data transmission [21]. However, in real-world scenarios, im-
plementing interference-based EH have practical challenges
and limitations [20]. For example, despite that interference
can be beneficially exploited for energy harvesting, it has
the negative impact of corrupting received signals at sys-
tem’s receivers, which results in reducing system’s reliability.
Therefore, efficient and reliable interference mitigation and
management techniques are recommended to be employed in
such networks. Another key challenge is related to the fact that
the amount of the harvested energy from interference signals
is limited, which would not be enough to boost some critical
communication operations. However, this limitation can be
addressed by developing more energy-efficient beamforming
algorithms to save energy at system’s receivers. Further, the
amount of the harvested energy from the interference is spec-
ified only by the interferer transmit power and the fading
channel conditions between the interferer and the harvesting
node, which are not guaranteed and not under control by any
of the system’s communicating devices (i.e., interferer is an
unstable power source). Addressing this issue is also possi-
ble by developing adaptive EH algorithms that can switch to
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harvest energy from dedicated power sources when interfer-
ences signals are disappeared.

Because of its remarkable efficiency in reducing deep
fading effects, augmenting network coverage, and increas-
ing diversity gain and throughput, the technique of relaying
has been considered among the emerging communication
solutions that have paved the way to attain the growing
demands on higher wireless access data rates [22], [23],
[24], [25]. Thus, it has gained huge attraction in both re-
searches and implementations and become among the core
specifications in variant evolving technologies including 5G,
10T, device-to-device (D2D), vehicle-to-vehicle (V2V), non-
orthogonal-multiple-access (NOMA), and unmanned aerial
vehicle (UAV) networks and others [22], [23], [24], [26], [27],
[28], [29], [30], [31], [32]. In relaying based wireless commu-
nication systems, a relaying node is dedicated to assist data
traversal between two communicating nodes where two mod-
els are commonly used; dual-hop relaying (also called Type-I
relaying) and dual-hop cooperative relaying (also called Type-
IT relaying) [33]. Dual-hop relaying is employed when the
direct link between the two communicating nodes is blocked
due to huge distance separation or deep fading where the
relaying node is used to create alternative indirect commu-
nication link between the two blocked terminals. It has been
shown that dual-hop relaying can significantly improve data
throughput of receiving terminal [34]. Dual-hop cooperative
relaying is used to create additional relay-aided indirect link
to boost the already existing unblocked direct link between
the two communicating nodes where both links are combined
via certain diversity combining scheme. In accordance to
the way of processing signals at the relaying node, relaying
techniques are further classified as decode-and-forward (DF)
and amplify-and-forward (AF) [35], [36], [37], [38]. With
DF relaying, the relaying node decodes the received signal
and then re-encodes it for transmission to the final receiving
node. With AF relaying, the relaying node just re-transmits an
amplified version of the received signal without any attempt
of signal decoding. Hence, AF relaying offers less processing
and implementation complexity and lower delay as compared
to DF relaying, which makes it more attractive in the re-
search community, see [39] and list of references therein.
However, analytical performance investigation of AF-based
relaying systems is more complicated as compared to that of
DF relaying.

Communicating devices in wireless relaying systems no
wonder need energy to support signal processing and forward-
ing, where the heavily depending on classical battery-based
powering and recharging methods would be infeasible, espe-
cially, in large-dense and large-scale IoT and sensor networks.
Thus, employing RF-EH harvesting approaches in wireless
relaying systems is particularly important and has become an
active area of research [18], [40], [41], [42], [43], [44], [45],
[46], [47], [48], [49]. In [40], the authors have proposed the
first RF-EH based dual-hop relaying communication system
in which a source node is communicating with a destination
node through an energy constrained AF relay that harvests
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energy from the source information signal on the basis of the
SWIPT protocol. Further, inspired by the TS and PS SWIPT
protocols proposed for non relaying point-to-point systems,
the authors have proposed two RF-EH protocols for their
considered relaying system; namely the time switching-based
relaying (TSR) and the power splitting-based relaying (PSR).
In the TSR protocol, each signaling period is divided into
three fractions; the first fraction is used by the relay to harvest
energy from the source information signal, the second one
is used by the relay to process the signal incoming from
the source, and the remaining fraction is used to forward
the relay’s processed signal to the destination. In the PSR
protocol, the first half of a signaling period is used for both
EH and source to relay transmission and the second half is
used for relay to destination transmission. During the first half,
the received signal power is divided into two fractions, one
for EH and one for source to relay transmission. The perfor-
mance of the proposed system in [40] has been investigated
by deriving approximate closed-form outage probability and
approximate integral-form ergodic capacity expressions con-
sidering Rayleigh fading, which are also used to compute the
system’s delay-tolerant and delay-limited throughputs. Later
in [18], [41], [42], [43], [44], [45], the RE-EH SWIPT based
dual-hop relaying communication system proposed in [40]
has been extended considering different system and channel
assumptions. In [41], the authors have considered a dual-hop
cooperative relaying system with DF energy constrained relay,
where the system’s outage probabilities for the TSR and PSR
SWIPT RF-EH protocols have been derived in exact integral-
form expressions considering Rayleigh fading. In [42], the
authors have considered multiple DF energy constrained re-
lays with best relay selection and hybrid TSR/PSR SWIPT
RF-EH protocol, where the system’s outage probability and
ergodic capacity have been derived approximately based on
the extreme value theorem in infinite series representation.
In [43], the authors have considered a dual-hop cooperative
relaying system with multiple energy constrained relays that
harvest energy from the source information signal using the
TSR SWIPT RF-EH protocol. The signal forwarded from
the best relay is selected and combined with the direct-path
signal via selection combining scheme. For both AF and
DF relaying protocols, the system’s outage probability has
been derived in tight lower bound approximate expressions
considering Nakagami-m fading. In [44], the authors have
considered a dual-hop relaying communication system with
energy constrained fixed-gain AF relay that harvests energy
from the source information signal using the TSR SWIPT pro-
tocol subject to asymmetric Nakagami-m and o — u fading
models. For such a system, the symbol error probability and
the ergodic capacity have been derived in exact closed-form
expressions in terms of the Fox’s and the bivariate Fox’s
H-functions. In [45], the authors have considered a dual-hop
cooperative relaying system with energy constrained AF relay
that harvests energy from the source information signal using
SWIPT protocols. For the TSR and the PSR protocols and
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considering Nakagmi-m fading, the authors have derived the
exact expression for the system’s bit error probability in terms
of several special functions including the Meijer-G, the con-
fluent hypergeometric and the Whittaker functions. In [18],
the authors have considered a two users NOMA-based dual-
hop cooperative relaying system with energy constrained DF
relay that harvest energy from the source information signal
using the hybrid TSR/PSR SWIPT protocol. The authors have
derived exact closed-form outage probability expressions in
terms of some special functions including the exponential in-
tegral function. It should be noted that in [40], [41], [42], [43],
[44], [45], the energy constrained relay is assumed to har-
vest energy form the source information signal in accordance
to the SWIPT protocol. In other words, the relay harvests
non-free power from the source node, which is waste of al-
located power resources. Thus, the interest towards proposing
dual-hop relaying systems in which the relays harvest energy
freely from ambient interferers has also gained attention [46],
[47], [48], [49]. In [46], the authors have proposed a dual-hop
relaying communication system in which the relay harvests
energy from the source information signal (non-free energy)
and from some ambient interferers (free energy) considering
Rayleigh fading. They have also assumed that the interference
signals corrupt the relay’s received signal but not the desti-
nation’s one. However, for the considered system, they have
derived the outage probability and the delay-tolerant through-
put in exact closed-form expressions. In [50], the authors have
extended the EH based relaying system in [46] considering
spectrum sharing environment. It should be noted that in [46]
and [50] the authors have adopted the DF relaying protocol.
In [47], the authors have reconsidered the model in [46] but
with adopting the AF relaying protocol and with Nakagami-
m fading. They have assumed that the relay generates the
non-optimal variable amplification gain and the energy is har-
vested only by the relay while the source has its own power
source. For such a system, the authors have derived the exact
outage probability and the delay-tolerant throughput in double
integral-form expressions. In [48], the authors have extended
the work in [47] considering multiple AF relays with best
relay selection scheme and Rayleigh fading, where the energy
is also assumed to be harvested only by the relay. For this
system, the authors have derived only upper bound expression
for the outage probability and asymptotic expression for the
throughput using the extreme value theorem. In [49], the au-
thors have extended the work in [47] considering multi-hop
relaying; however, they have derived the approximate outage
probability using the upper bound SNR approach.

Although the previous works added significant insights,
we can observe that most of them mainly focus on RF-EH
based relaying systems in which only the relay is energy con-
strained and harvests whole or portion of its energy from the
incoming source information signal. In this paper, and unlike
previous literature works, we propose and study a Rayleigh
fading RF-EH-enabled dual-hop AF relaying communication
system in which some ambient interferer is considered as
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the solely free source for energy harvesting.! As well, its
detrimental effect on the system received signals at the relay
and destination are taken into consideration. The AF relay is
assumed to generate the optimal variable amplification gain.
In addition, for sake of generic performance comparisons and
gaining useful insights, we propose and separately investigate
three energy harvesting modes. In mode I, it is assumed that
only the source does not have constant power supply and
needs to harvest energy from the ambient interferer. In mode
II, it is assumed that only the relay does not have constant
power supply and needs to harvest energy from the ambient
interferer. In mode III, it is assumed that both the source and
the relay do not have constant power supplies and need to
harvest energy concurrently from the ambient interferer. In
these three modes, we follow the TSR EH relaying scheme
previously proposed in [40], i.e., each full signaling period
is divided into three fractions, the first one is allocated for
RF-EH (again, only from the interferer RF signal), the second
one is for source-to-relay transmission, and the third one is for
relay-to-destination transmission.

In particular and in this clause, we can summarize the con-

tributions of this work as follows:

® The system end-to-end effective signal-to-interference-
ratio (SIR) at the destination is first obtained for the three
EH modes of interest.

e Starting from the obtained end-to-end SIRs, correspond-
ing exact outage probability expressions are analytically
derived in infinite-series representation for mode I and in
integral-form for mode IT and mode III.

® By lower-bound approximating the system end-to-end
SIRs, tight lower-bound outage probability expressions
are derived in closed-form for the three EH modes.

® The derived outage probability expressions are easy to
compute via common computer softwares like MATA-
LAB or MATHEMATICA, and they are given in terms
of several significant system and channel parameters
including the energy harvesting period, the energy con-
version efficiency, the ambient interferer transmit power,
the fading channel conditions of all system information
and interference links.

e Correspondingly, the derived outage probability expres-
sions are directly used to compute the system exact and
upper-bound delay-limited throughput for the three EH
modes and used as a figure of merit for performance
investigation and comparisons.

® Comprehensive numerical and Monte-Carlo simulation
results are provided to verify the analytical derivations
and to gain insightful observations about the proposed
system throughput performance subject to variant sys-
tem and channel parameters.

The rest of the paper is organized as follow. Section II

presents the system, channel, signaling, power generation and

'Tt is worthy noting that our proposed energy harvesting model is more
energy efficient and offers less processing complexity as energy is harvested
only from the ambient interferer and not from the source incoming informa-
tion signal.

VOLUME 5, 2024

Source S

-
-
-
-
-
-

HD-Relay R "

Destination (D) Ambient Interferer (I)

FIGURE 1. System model illustration.

energy harvesting models for the proposed interference-based
energy harvesting dual-hop relaying system. In Section III,
the system outage probability is derived exactly and approx-
imately for the different proposed energy harvesting modes.
In Section IV, the system delay-limited throughput is de-
termined. Numerical and Monte-Carlo simulation throughput
results are presented in Section V. Finally, conclusions are
drawn in Section VI.

1. SYSTEM MODEL

A. SYSTEM TOPOLOGY AND CHANNEL MODEL

As depicted in Fig. 1, we consider an AF dual-hop relaying
communication system in which the source S is communi-
cating with the destination D through a dedicated relaying
terminal R under the effect of a single dominant ambient
interferer /. The direct link between S and D is assumed to
be absent due to the assumption of large distance separation
or deep fading. Each of the system’s operating terminals S,
R, D and I is assumed to be equipped with single antenna
and operates in the half-duplex mode. In Fig. 1, the dashed
red lines refer to the interference channels from the interferer
I to both § and D, the dashed green line refers to the in-
terference channel from / to the R, and the solid blue lines
refer to information channel links from S to R and from R
to D. Whenever needed, the terminals S and R are assumed
to be capable of harvesting energy from the broadcasted RF
signal of the interferer /. Moreover, the broadcasted signal of
I is assumed to corrupt the receiving portions of R and D as
interfering signal.

All system wireless fading channels are assumed to be
flat and quasi-static. It is also assumed that the channel state
information (CSI) is perfectly known at the system receivers
R and D.

The fading channel coefficients from S to R and from R to
D are denoted by hg, and h,4, respectively, while those from
I to S, R and D are denoted by Ay, hy and hy4, respectively.
All of the system fading channels are assumed to follow the
Rayleigh distribution, i.e., hyp is distributed as ~ CN (0, Ayp)
and |hgp|* is exponentially distributed (~ exp(0, A4p)) with
probability density function (PDF) of

Sy 2 (6) = hape ™", x > 0, (1)

443



KHATTABI ET AL.: ON THE PERFORMANCE OF INTERFERENCE-BASED ENERGY-HARVESTING-ENABLED WIRELESS AF

™ a-or a-or
2 2

S-R
Information Transmission
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Energy Harvesting at
S and/or R

T

FIGURE 2. Time-frame structure for the proposed energy harvesting
dual-hop relaying system with TSR protocol.

where ab € {sr, rd, Is, Ir, Id} and A} = E[|hu[*] ac-
counts for the large-scale average fading power of the a-to-b
link.

B. TSR EH PROTOCOL

As depicted in Fig. 2, a time period of T seconds in required to
complete the transmission of one information block from S to
D via R. According to the time-switching based EH protocol
proposed in [40] for relaying systems, the time period T is
divided into two fractions. A time fraction of t7 seconds
is used for EH either by S, R or both, where 0 < 7 < 1.2
The remaining time fraction (1 — 7)7 seconds is divided into
two equal sub-fractions. The first sub-fraction %T is al-
located for S to R transmission. The remaining sub-fraction
(lg—r)T is allocated for the R to D transmission. It is assumed
that all energy harvested over the period t7 is consumed,
hence, S and R do not need batteries to store the energy they
harvest.

C. POWER GENERATION
Let us first denote P; for the transmit power of S and P} for
the transmit power of R.

1) POWER GENERATION AT SOURCE S

We consider two separate power generation methods that can
be employed at S. In the first method, S can traditionally gen-
erate its own predetermined transmit power of P, watts, i.e.,
no energy is harvested and P; = P;. In the second method,
S is considered an energy constrained terminal and, over the
time period T seconds, can harvest energy from the ambient
interferer / to generate its transmit power, where the amount
of the harvested energy can be computed by

Ehg = &t T Py|hy?, )

where 0 < ¢; < 1 is the energy conversion efficiency at S and
Py is the transmit power of the interferer /. The amount of har-
vested energy in (2) is then used to complete the information
transmission from S to R over the time fraction “;”T with
transmit power of

Ehy o 2§‘YTP[|h1s|2

Pt = -
: d-1) —
)

3)

>The case T = 1 is not considered because it implies no information trans-
mission.
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In summary, the transmit power of S can be given as

I)Ss

. (No energy harvesting at S)
Pe = 2tenii?
(=) >

(Energy is harvested at S from 7).
“)

2) POWER GENERATION AT RELAY R

Similarly, we consider two separate power generation meth-
ods at R. In the first method, R generates its own prede-
termined transmit power of P, watts, that is, no energy is
harvested and P = P,. In the second method, and over the
EH time fraction t7, R harvests its energy from the ambient
interferer / with amount of

Eh, = & tT Py, Q)

where 0 < ¢, < 1 refers to the energy conversion efficiency
at R. Then, over the second time half %T, R uses this
harvested energy to complete the information transmission
from R to D with transmit power of

Ehr _ 2'Cr'fpl|hlr|2

P;k = =
(-0 -
ST (I-1)

(6)

In summary, the power generated at R can be given as

P

. (No energy harvesting at R)
Pr=1 2qzpiin
-7

(Energy is harvested at R from [).
)

D. PROPOSED EH MODES
In this paper, we separately consider three EH modes:

1) MODE I: ENERGY HARVESTING ONLY AT SOURCE S
In this mode, we assume that the source S is energy con-
strained device and can harvest its energy from the interferer

2
I over the EH time period 7T (i.e., P; = %). On the
other hand, the relay R is assumed to have its own power
sources and can generate its own transmission power inde-

pendently (i.e., P} = P,).

2) MODE II: ENERGY HARVESTING ONLY AT RELAY R
In this mode, we assume that the relay R is energy constrained
device and can harvest its energy from the interferer / over the

. . . 2 .
EH time period tT (i.e., P} = W), while the source S
is assumed to have its own power sources and can generate its

own transmission power independently (i.e., P;" = Py).

3) MODE IlI: ENERGY HARVESTING AT BOTH S AND R

In this mode, we assume that both the source S and the relay
R are energy constrained devices and can harvest their energy
concurrently from the interferer / over the same EH time

2 2
period =T (i.e., P} = % and P* = %).

E. SIGNALING MODEL AND END-TO-END SIR
The relaying link S-to-R-to-D accomplishes two transmission
stages, which are described in the sequel. In the first stage, the
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source S transmits its information signal, say x;, to the relay
R where the received signal is corrupted by both the AWGN
noise and the interfering signal from the interferer /, that is

yr = Vv I);hsrxx + \/Flhlrx[ + nr7 (8)

where P} is given by (4) in accordance to the power gener-
ation method used at S, x7 is the interferer signal, and n, ~
CN (0, N,) is the AWGN noise sample with double-sided PSD
of N,. In the second transmission stage, the relay R employs
the AF relaying scheme and amplifies y, in (8) by amplifica-
tion gain G. For sake of restricting the relay’s transmit power
by P} and under the assumption that the interference power
dommates the noise power (i.e., 32 — 0 [21], [49], [S51]), the
gain G is produced as

1
= . )
\/Ps*|hsr|2 +P1|h[r|2

Then, the relay R forwards the amplified signal Gy, to the
final destination D where the received signal is also affected
by the AWGN noise and the interfering signal from 7, hence,
D receives the signal

Ya = /P*hpa Gy, + N Prhiax + ng,

where ng ~ CN(0, N,) is the AWGN noise sample. Consid-
ering (8) in (10) gives y, as

Ya = vPiN/PihsthaGxs + NP/ P hihyg G

+ /P*hpaGny + Prhygx; + ng.

(10)

an

Now, under the above assumption that — 0, the end-to-end
SIR at the destination D can be obtamed from (11) as

P PG hyy | |hrg)?

X = .
PiP|h |1 hyg)? G? + Prlhyq)?

12)

Substituting (9) into (12) along with doing some simplifica-
tions gives X as

_ PP g || )?
PP 2\ hya |2 + PrPF by |2 hya ) + PP LRy 2 a2
(13)

In the following section, the system outage probability is ana-
lyzed.

11l. OUTAGE PROBABILITY ANALYSIS
Assuming a fixed source transmission rate of R bits/sec/Hz,
the outage probability can be evaluated by

Poyt =P, {X < yth} s (14)

where X is the end-to-end SIR in (13) and yy, = 2% — 1 is the
threshold SIR value for correct data detection at the destina-
tion D. In the sequel, we use (13) and (14) to derive the system
outage probability for the three EH modes of interest.
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A. MODE I: ENERGY HARVESTING ONLY AT SOURCE S

1) EXACT OUTAGE PROBABILITY

Theorem 3.1: The exact outage probability of the considered
interference-based dual-hop AF relaying system with energy
harvesting mode I in which energy is harvested only at S can
be computed by

pL o syl = Dby (U
2§s7)\1r
(U= Dhghsym) | Msvain+ 1)
Ei TR 5
T r .
CsTAL (Vth n ﬁ,iﬁj)
o0 n n
X Z |::8n Z (k)vk n
n=0 k=0
1 —1)AgA
X W <k~|—2, |k — gy LT Dhorhisyn ’””‘h>],
205TAqr
(15)
where
B, = (2)n (2) + (1)1 + yn))
=

2(3),n!

k—n—1 n—k
T ( 285 Ty ) . (v + 1)
n=\ - th — — 55
" (I = )hsr Yih + f’;iz

(1 - T))Lsryth>k_n
x I'(k+2) <— ,
20T ALy

where yp = 2 —1 with R is the transmission data rate,
Ei(x) = f dt refers to the exponential integral func-
tion [52, 8211] W(., ;) is the Tricomi hypergeometric
function [52, Eq. (9.211-4.8)], (a), = r(“(:)”) denotes for the
Pochhammer symbol, (-)! is the factorial operator, and I'(-) is
the gamma function.

Proof: See Appendix A. |

2) APPROXIMATE OUTAGE PROBABILITY

Theorem 3.2: The outage probability of the considered
interference-based dual-hop AF relaying system with energy
harvesting mode I in which energy is harvested only at S can
be computed using the following tight lower-bound closed-
from expression.

P[ _ |: Pr)\-ld :| Vth(1 - T))‘-Is)‘-xr
out,Low — * T
PrAvavmn + Prigg 20T ALy
1 — )AA
W (2’ 2; Vth( T) Is sr) ) (16)
zgsf)ﬂr
Proof: See Appendix B. |

B. MODE Ii: ENERGY HARVESTING ONLY AT RELAY R
1) EXACT OUTAGE PROBABILITY

Theorem 3.3: The exact outage probability of the considered
interference-based dual-hop AF relaying system with energy
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harvesting mode II in which energy is harvested only at R can
be computed by

pl _ Yo / * Bser z+ v+ Dy
My + By 0 @+ym+B)* Z

o e(ar%) Ei( o (z+ yn + 1))’th> dz
Wy )

z
(17)
where
o A[rPs‘
t )\srPI
1 —1)hgr
oy = w. (18)
2é‘r":)\ld

Proof: See Appendix C. |

2) APPROXIMATE OUTAGE PROBABILITY

Theorem 3.4: The outage probability of the considered
interference-based dual-hop AF relaying system with energy
harvesting mode II in which energy is harvested only at R can
be computed using the following tight lower-bound closed-
from expression.

1 -
Pl @)kt
out,Low rI'(2)—— M 29
A 1-— P
« W <2’ 2: rd Vth T ()M[r‘i‘ 1 erth>>.
)‘Id ZCVT Ps

(19)

Proof: See Appendix D. |

C. MODE IiI: ENERGY HARVESTING AT BOTH SOURCE AND
RELAY

1) EXACT OUTAGE PROBABILITY

Theorem 3.5: The exact outage probability of the considered
interference-based dual-hop AF relaying system with energy
harvesting mode III in which energy is harvested at both S and
R can be computed by

o0
1 _
le —1_ / o (Z+ v+ Dym .
0 Z

. zZ+ +1
« Ei <—ar M) W (2, 1; oy + va) dz,
Z

2V +1
(ar( Vlh7 )J/[h>

(20)
where
_ (= Dy
' 28T hd
1 — Ak
o = w 1)
20T Ay
Proof: See Appendix E. |
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2) APPROXIMATE OUTAGE PROBABILITY

Theorem 3.6: The outage probability of the considered
interference-based dual-hop AF relaying system with energy
harvesting mode III in which energy is harvested at both S
and R can be computed using the following tight lower-bound
closed-from expression

pu IYF(z)’\rd(l ~ D v Z (= 1)k(2)k(1)k
ouvow 844ty
<4;scrr%dr(k + 3))"+2
Ara(l = 7) i
ALsA 1-—
w (k+3,2; w) (22)
)LIVZQT
Proof: See Appendix F. |

IV. DELAY-LIMITED THROUGHPUT

In the delay-limited transmission scheme, the outage proba-
bility is the essential quantity to compute the delay-limited
throughput. Provided that the source is communicating R
bits/sec/Hz and, as deposited in Fig. 2, (1 — t)T/2 is the
effective end-to-end communication time from the source S to
the destination D in the block of 7' seconds, the delay-limited
throughput at the destination can be computed as [40]

1—-1)T/2 1 -
Rpr(t) = _Pout)R% = —Pom)R( 3 T),

(23)

where P,y is given exactly and approximately in the previous
section for the three EH modes under study. Notice that com-
puting (23) using the lower-bound outage probabilities results
in upper-bound delay-limited throughput.

It is worth pointing out that the throughput-optimal energy
harvesting time, denoted by ¥, can be obtained according to
the following problem

¥ = argmax Rpr ()
T

st.0<t < 1. 24)

Correspondingly, the optimal throughput is Rpz(t*). Un-
fortunately, utilizing the analytical expressions for Rpr(7)
derived for the three modes will not lead to closed-form so-
lution for t*. Hence, we resort to numerical solution where
7* can be efficiently computed using exhaustive search.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we numerically investigate the delay-limited
throughput of all Modes for different system parameters. The
correctness of obtained analytical results is validated using
extensive Monte Carlo simulations, where the throughput is
being evaluated by averaging one million independent real-
izations. For simplicity but without loss of generality, the
throughput evaluation considers the following default val-
ues: Ay = A,q = 1, and ¢ = ¢ = 1. For the simulation setup
under consideration, we find that the infinite series in the
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FIGURE 3. Delay limited throughput of mode / versus the energy
harvesting time 7 for different values of P, at A;s =4, A5 =1, X,y = 1,
Ar=3,and A,y = 4.

exact outage probability expression in (15) is truncated with
accuracy using the first 74 terms, which confirms its quick
convergence. The integrals in Theorems 3.3 and 3.5 do not
admit analytical solutions, hence, we resort to numerical inte-
gration for evaluating the exact outage performance.

In Fig. 3, the delay-limited throughput of Mode I is depicted
against t for different values of P;. We first note that the
exact throughput accurately matches with the Monte-Carlo
simulations. We also observe that the upper bound is rea-
sonably tight for all 0 < v < 1. It can be also seen that the
throughput improves as P; decreases. This can be justified as
follows: although the source can harvest more energy when Py
increases, higher values of P; will result in higher interference
power at the relay and destination, which inevitably leads to
worse throughput performance. Furthermore, we can observe
that increasing t, increases the throughput starting from zero
up to its maximum value at some specific v value. Then,
over this specific value of 7, the throughput starts decreasing
back to zero. This is due to the fact that for small values of
7, there is less time allocated for energy harvesting, which
means less harvested energy (or less transmit power), and
thus, less throughput attained at the final destination. On the
other hand, for large values of t, more time is consumed
on energy harvesting and less time is allocated for actual
information transmission, which also reduces the throughput
at the destination node. More results on optimal delay-limited
throughput are presented in Fig. 13.

Fig. 4, illustrates delay-limited throughput of Mode I
against Ajy for different values of A;;. We note that the
exact throughput matches perfectly with the Monte Carlo
simulations. It is evident from this figure that the through-
put improves as Ay increases. This is expected, since larger
values of A;; imply less interference power at the destination.
Nevertheless, we can observe that after some higher A;; value
(for e.g. 20 dB), the throughput enhancement with it becomes
slow. We also observe that the throughput improves as the
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Mg decreases. This is because smaller values of Ay will lead
to better channel conditions between the interferer and the
source, which results in higher harvested energy at the source.

In Fig. 5, the delay-limited throughput of Mode II is plotted
against 7 for different values of P;. We confirm the correctness
of the exact throughput using Monte-Carlo simulations. It can
be seen from the figure that the throughput improves as P;
decreases and the upper bound is reasonably tight for all 0 <
T <l

Fig. 6, illustrates delay-limited throughput of Mode II
against Aj; for different values of A;.. As expected, the
throughput improves as Aj;; grows large. In addition, the
throughput improves as Ay decreases. This is due to the fact
that smaller values of A;, will result in better channel condi-
tions between the interferer and the relay, which leads to larger
harvested energy at the relay.

Figs. 7 and 8 depict the delay-limited throughput of Mode
IIT against 7 for different values of A;; and A;;, respectively.
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FIGURE 10. Delay limited throughput of all modes versus the energy
harvestingtime rat P =1, Ay =1, A,y =1, A =3, gy =4, and 15 = 1.

It is evident from Fig. 7 that larger values of Aj; will result
in throughput degradation since the source will harvest less
energy as Aj increases. It can be also shown from Fig. 8§ that
the throughput improves as Aj; increases, as expected.

In Figs. 9, 10 and 11, we study the throughput of all modes
against T when P = 10, P; = 1, and P; = 0.1, respectively.
It can be observed from Fig. 9 that when P; is large (i.e.,
P; = 10), mode III is the best in terms of throughput for
7 > 0.3. This is an evident that Mode III is of more practical
interest at larger values of ;. This is due to the fact that when
the energy harvesting is employed at either only the source
(Mode 1) or the relay (Mode II), higher values of P; causes
higher interference power at the destination, which leads to
throughput degradation.

In Fig. 10, we observe that Mode I achieves the best
throughput performance when P; = 1 for t < 0.75 and Mode
IIT achieves the best throughput for T > 0.75. We also observe
that Mode III achieves much better than Mode II for t > 0.35.
Accordingly, it can be concluded that Mode I and Mode III
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FIGURE 11. Delay limited throughput of all modes versus the energy
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FIGURE 12. Delay limited throughput of all modes versus interferer
transmit power for energy harvesting time r = 0.6 and 0.9 at A, = 1,
Md=1,Ar=3,1g=4and ;s =1.

are of more practical interest at moderate values of P (i.e.,
Pr=1).

In Fig. 11, we note that Mode I achieves the best through-
put performance when P; = 0.1 for all 0 < 7 < 1. We also
observe that Mode II achieves much better than Mode III for
all 0 < t < 1. Accordingly, it can be concluded that Mode I
and Mode II are of more practical interest at lower values of
P[ (i.e., P] = 01)

In Fig. 12, depicts the delay-limited throughput of all modes
versus the interferer power P; for two t values of 0.6 and 0.9.
It is clear from this figure that the throughput of Mode I and
Mode II decreases with P; while that of Mode III is invariant
with it. We can also notice that Mode III is the best for high
P; values, and hence, it is recommended to be used in such
interferer scenarios.

Fig. 13 depicts the optimal delay-limited throughput
Rpr(t*) of all Modes against P;, where Rpz(t*) is being
evaluated by solving the optimization problem in (24).
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Fig. 14 compares the delay-limited throughput (against 7)
of Mode III using the AF protocol with that using the DF
protocol considering different values of ;. (i.e., different in-
terferer to relay channel conditions).> From this figure several
novel insightful comparative observations can be obtained.
When A, is low (i.e., strong interferer to relay channel), the
DF outperforms the AF. This is due to the fact that in the AF
relaying, the interference term at the AF relay is amplified
along with the desired signal and forwarded to the destination,
which results in throughput reduction even though the amount
of the relay harvested energy from the same interference is
high; while, in the DF protocol, this is not happening but
rather the stronger the interference, the more harvested energy
at the DF relay and the higher throughput at the destination.

3The throughput results using the DF protocol are obtained via simulation.
For more details about EH-based DF relaying system set ups, readers can
refer to [46].
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Now, increasing A; to medium values (i.e., moderate inter-
ferer to relay channel strength, improves the throughput of the
AF protocol due to the reduction in the received interference
power at the AF relay, and reduces the throughput of the DF
protocol due to the reduction in the amount of the harvested
energy at the DF relay. Increasing A;, more to high values
(i.e., extremely weak interferer to relay channel), reduces the
overall throughput of both protocols, which is due to the huge
reduction in the amount of the harvested energy at the relay.
Thus, based on these observations, it would be recommended
to employ the DF protocol when the interferer to relay channel
is strong and the AF protocol when it is moderate or weak.

Fig. 15 presents the same comparison as in Fig. 14 but for
different values of A;; (i.e., different interferer to destination
channel conditions) and moderate A;, value of 3. First, it is
clear that increasing A4, increases the throughput for both
protocols, which is due to the reduction of the harmful effect
of the interference signal at the destination. It is also clear that,
over medium and high 7 values, the AF protocol outperforms
the DF protocol for all A;; values, however, the gap between
them reduces over the high A;; values.

VI. CONCLUSION

In this paper, an energy harvesting based Rayleigh fading
dual-hop amplify-and-forward relaying system has been con-
sidered, where the source and the relay are capable to harvest
energy only from an ambient interferer that also corrupts the
received signals at both the relay and destination. Under these
considerations, the system outage probability has been derived
in novel exact analytical expressions and in lower-bound ap-
proximate closed-form expressions considering three modes
of energy harvesting; mode I (energy is harvested only at
the source), mode II (energy is harvested only at the relay),
and mode III (energy is harvested simultaneously at both the
source and the relay). Subject to fixed source transmission
rate, the derived outage probabilities have been directly used
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to compute the system’s delay-limited throughput for the en-
ergy harvesting modes under study. Under diverse system and
channel parameters, comprehensive numerical and simulation
results have been provided to corroborate the conducted ana-
lytical derivations and to gain useful insightful observations
and comparisons into the system throughput performance.
Results have shown that (i) subject to fixed channel con-
ditions, the throughput of mode I and mode II is inversely
proportional with the interferer transmit power while that of
mode III is independent of it, (ii) subject to fixed interferer
transmit power, better interferer to harvesting node channel
conditions improves the system throughput while better in-
terferer to receiving node channel conditions degrades the
system throughput, (iii) for large interferer transmit power
values, mode III offers the best throughput.

APPENDIX A

THEOREM 3.1 PROOF

When energy harvesting is employed at S but not at R, the
source transmit power (according to (4)) is given as P =

N
M while, as in (7), the relay transmit power P} is fixed

and equals P,. Considering this in (13) gives the SIR for this
energy harvesting mode as in (25).

Xl =
BT PPl Pl 1y

PPyl Plhra? + (%“,)P2|h,s|2|hsr|2|hm|2 + P2l Plhya
(25)

The outage probability at D for energy harvesting mode I, say
P! . can be obtained by

out?
out P {XI<Vth}a

where yy, = 2% — 1 is a predetermined threshold and R is the
transmission data rate at S. Due to the intractable form of the
R.V X'in (25), we propose to evaluate P [ as

(26)

out_/ S p@PAX {115 = ¢} < v} dg, 27

where X'|{|h|*> = ¢} is X" conditioned on |hys|* = g, which
is given as in (28).

X = g} =

2
a5 PrPralhs P hyal?

PiP gy Plhyal? + 55 PP qlhgr Plhga 2 + Pl Rl hga
(28)

The target now is to determine P, {X"|{|h/5|*> = g} < y}. To
attain this, we first define the following R.Vs

20T
X = = pglhy? (29)
(1-1)
Xy = Prlhyal? (30)
Wy = Pylhy, | 31)
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Vo = Prlhyal. (32)
Considering this in (28) gives
XX
XN {1l = g} = (33)

UoX| + W A + W W,

Further, by dividing the numerator and denominator of (33)
by W W;, we may have

XN 1 = ¢} = 5=——— (34)
if =af = 2t
From (34), we can obtain
X
P, {XI| {|h1s|2 =q} <vn} =P !# < Vth} ;
vty T 1

(35)
which can be computed as in (36).

PAXY {1hs1* = q} < v}

o X, +1
=1— | fa(x)dx+ fx] (x)P, { 2 M}dx.
Yo V1 Yo P L) X = Y
(36)
According to (1) and (29) to (32), we have
(1 - 7:))‘-sr)
Xy ~exp |0, ——— (37)
! P ( 205t Pq
X ~ exp <0, ﬂ) (38)
r
A
W ~ exp (O, l) (39)
Py
A
W ~ exp (o, P#) . (40)

Based on thls and with the help of [53], the PDF and CDF of

i‘ and > can be obtained respectively as
2§ T)‘-qu
fa (0= - T (41)
LU= (o )
Fa )= —mg @
" Ra(E=7e
Prriaq
fa(x) = 3 (43)
L2 PI)\rd (x+ fr)l)t)fddl])
and
Fay (v) = — (44)
X (X) = ——5—
v o+ g

Substituting (41) and (44) into (36), solving for the first inte-
gral, and doing some simplifications gives (45). Simplifying
with z = x — yy, gives (46).

P XY {11 = g} < v} = — 20

2§sf)\1rq
th + Ty
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/OO (x + Dym
Vth (x + l)yth + Pr}\ld (x - yth)

% 285t hirq dx.

2
285Thpy
(1= gy (v + 2251 )

(45)

Vih

28thirg
thF Ty

PAX {1l = ¢} < v} =

i /OO YthZ + Y (Y + 1)
0 (ym+ p,AM )z + yin(ym + 1)

% 255t A g dz.

2
(1= Dy (24 7 + F)

(40)

Vih

285Thirq
T T

PAX {Ihs)? = ¢} < v} =

285Thr
N velvm +DBQ2, 1) 5

2 2
P 25Ty
(Vth + PIAZ) ((15_:)){”q + Vth)
Yt (Vin + 1)

P 20Ty
(Vth + Pﬂhij) ((1{,;)){Srq + yth)

205ty
N V2 v+ 12B(1,2) 4

2 2
P 25T
(Vth + Pl)vij) ((lii)){srq + Vth)
Y (Yin + 1)
P 28T Ay
(Vth + PIAZ) ((1 T4+ Vth)

By solving the integral in (46) with the help of [52,
Eq. (3.259-3)], we can obtain the ultimate exact expression for
P {X{|hs5]* = g} < v} asin (47) where B(-, -) is the Beta
function [52, 8.380-1] and F («, B; y; z) is the hypergeometric
function [52, (9.100)]. Now, by substituting (47) and (1) (with
ab = Is) into (27), we may have Pgut as in (48) shown at the
bottom of the next page. With the help of [52, Eq. (3.352-4)],
we can have /] as

xF 12,23 1—

xF|2,1;31— . 47

. (1=1)hsri 5
)”Isyth(] ‘E))"Sre(Tliy[h>
28T Ay

« Fi (_ (1 - ":))\sr)"lsyth) ’

2§sr)\1r
With regard to I, and I3, we are unaware of a closed-form
solution for them even in well-known integral tables. Thus,
our proposition to solve for them is as follows. First, mak-
ing use of the hypergeometric function series expansion [52,
Eq. (9.14.1)]

L=-

(49)

i (@n(B)n 2"

Y n! 0

F(a,Biy:2) =
n=0
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in I, given in (48) along with some arrangements yields where W(«a, B, y) is the Tricomi hypergeometric function [52,
9.211-4.8]. Similarly, I3 can be obtained by

00 25Ty

2)n(2)n / (l—r)AS,q o0 n k—n—1
Z (2)n(Dn 28T ALy
B)n! Jo ( 28Ty I = nE: kgzo (Z) (L)

n+2
T—or, 4 + Vth)

=0 : (3)un! (1 —7)hg
n n—k —
O LU T (VO RS Yin(yin + 1) (1= Droym "
(1 —1)Ag t o+ Prhg ) Yth — P I'k+2) —2 ;
t Pl)"d t + PI_)‘rd g‘St Ir
(G 1 — Ay
w (k+2,l+k—n' 4= Dhsrhisyn 2? x ’mh) (54)
T
where (a), = r}“(;“)") denotes for the Pochhammer symbol. o ’ I.r .
Expanding Finally, substituting (49), (53) and (54) into (48) along with
some simplifications and manipulations gives (25), which
( 2e,Th Ve (Ve -+ 1)>" completes the proof.
T o, 4T Vh T T pa
1—17)A Prhja
(1 = 2)er Yin T B APPENDIX B
using the power series expansion gives THEOREM 3'2. ?ROOF . .
First, the conditional SIR in (34) can be approximated by the
© (22 I (1 26Th k+1 following tight upper bound
I — n n N r
’ Zo (3)un! kZ ( ) <(1 — Dy XM {ihs = q) = XL | 1> = g} = min i
e [
vin(in + 1) © gleh (55)
X Vth_W D 7 oo 349
sTAIr
Yih T oy ((1 r)){ q+ y‘h) As X‘ and XZ are two independent R.Vs, we can have
(52) I 2
P s = g} < v} =1 = | 1= Fay )
Solving for the last integral in (52) using [54, Eq. (2.3.6.9)] "
ultimately gives I, as
ye 2 [1 - sz(ym)] . (56)
E2)
00 k—n—1
2)n(2 2¢,TA
Z (;’;( )‘" Z (Z) (%) Substituting (42) and (44) into (56) gives
nf: — T)Asr
k=0 PArq
Pk {1l = ) < 7n) =1—[’—}
—k - r up s th
v+ D Fk+2) ((1 — T))‘sr)/th>k n Praraym + Priga
yin + B2l 2t

28Ty
T 1
x 28Ty

(I = ©)AgAisVin T—tn, 4 + Vi
Vi k+2,1+k—n —— |, 53
( 20T Ay (>3) (57)
I ® MV s (v + DB(2, 1)
POUt = 285Thrg ¢ dq + 2
ot (o 52
I
o gange Yo (vin + 1) JasvE O + 12B(1, 2)
X/ Asr 2F 2,2:3;1 — o ) dq+ ] >
r sTAIr
0 ((?’gx’zrq + )/th) (Vth + _p,xij> ((1 iy d + Vth) (Vth + Pllid)
b
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y / Ty Fl230- Hym(ythzzr k) d 48)
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Now, considering the conditional upper bound SIR in (57) From (66), we can now have
along with (1) (with ab = Is) into (27) gives the following , o
lower bound for P!, P X" <y} =1- f S o (x)dx
Yth
P .
PgutLow =1- [ e _] £F ) hn)
Praraym + Prira i
285TA T y X+ 1
®. —<1§§>A'W‘1 +/ f.cl (xX)P, { 2 Ot D } dx, (67)
X )\]56‘ 159 W dq . (58) Yih X = Yt
0 S I
(I—=7)hgr [y + Yth éFgg ((itly)::h)
I

Solving for I3 using [54, Eq. (2.3.6.9)] ultimately gives
P! as in (16).

out,Low

APPENDIX C

THEOREM 3.3 PROOF

With energy harvesting is employed only at R, the system SIR
can be obtained from (13) by setting P; = P (as in (4)) and

P* = M (as in (7)), which gives (59).
XH —
L PP Pl Py
FEE Py | hral? + PrPolhgr 2 hya > + PPy P hial?
(59)

Using X!, the outage probability for energy harvesting mode
IL, say Pl | can be computed by

out?
pPU =P, {X” < yth}.

out —
To simplify the problem of obtaining P, {X™! < 4}, we need
first to re-present X' in more helpful form, which can be done
as follows. First, dividing the numerator and the denominator
of (59) by |Ay,|? may give

25T PPy gy | g |

(60)

I (I-7)
(%{r:)P2|hlr|2|hrd|2 +PP |hw| |h1d| +P2|hld|2
(61)
By defining
Ly = Py|hy|? (62)
2,7
= P, 63
A%) -0 7yl (63)
hya|*
Oy =P—— (64)
|hlr|2
we may write
Xu _ £1y2 (65)

DL+ U+ Dy

where W is defined in (31). Now, dividing the numerator and
denominator of (65) by W ®, gives

L o D
U, " Dy
0 # (66)
¥ Tt 1
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where

APy
AsrPy

2
ArrPs
(x + xm)

f%(X)= (68)
X
x+M'

hsrPr

F% (x) = (69)

and the CDF F y2 (u) is given by the following proposition.

Proposition C 1:
(1 — ©)Arghr ((1 Oh gy )
————————ue

Fy = — 2 Th
@ 20 Thia g
w i (LU= DAt N (70)
2(}'t)‘1d
Proof:
Y2 26t ol
Fy =P . {== ) '
%(M) '{cbz <M} r{(l_l_)lhrdl |h1d|2 <u
(71)
By defining A = = ,)|hrd|2 which is exp(0, (12;)3,,1) we
can write
o0 2
|h1r|
F& (I/t) = fA(g)Pr g—2 < u dg
®2 0 |14l
(1 — (-3,
:/ (1 T))\rdeszdg u .
0 2¢ 1 U4+ g)‘ld
(72)

By solving for the integral in (72) with the help of [3.352-4]
we can obtain (70), which completes the proof. |

Now, considering (68), (69) and (70) with u = ();“V):h in
(67) yields (73).

Pr {XH < Vth} = Vih

ArPs
yth + AsrPr

o0 ArPs
_ Asr Py
2
Yin (x + u)

AsrPr

(1 = ©)Ararir
25Tt d

Y+ 1 A=Dhgrpy (,\'+1)1/[h)
X ﬂ e( 2rthyy X~V
X = Vth

i <_ (I = DApgrrr (x + 1)Vth> dr.

28T a X = Yt
(73)
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Letting z = x — yy, gives (17).

APPENDIX D

THEOREM 3.4 PROOF

In analogy to (55), the conditional SIR in (66) can be tightly
approximated using the following upper bound

L
< Xlﬂ) = min (—1 &> .

, 74
TR (74)

Thus, the lower bound outage probability for mode II can be
computed as

(L1 W
P(HII,LOW =P, {Xgé < Vth} =P, {mm (\Ij_ly 32 <V (-

(75)

Notice that £_1| and % are
because they share the same random variable |4;.|?, and

thus, P(HH,LOW cannot be obtained using the formula in (56).

However, our proposition to obtain it as follows. First we
may write

not statistically independent

Ly W
Plitow =1—P; {— >l \g, > v (0

Conditioned on |h;,|> = f, we have

L
P(HII,LOW| {|h1r|2 Zf} =1-PF {qj_ll’ {|h1V|2 Zf} > Vth}

xPr{yz
0]

2

{hie* = £} > m}.
(77)

Then P(Hlt,Low can be obtained from PgmLOW|{|h]r|2 = f}
as

o L
11 1
Pout,Low =1- /0 P, {‘Ij_l

x P, {Ei {|hlr|2 = f} > Vth} Fing, 2 (P)df

=1 —/0 [1 — F§i|{h1r|2=f}(yth):|

X [1 - F<3g|{|h1rI2:f}(yth)j| T2 (H)df . (78)

(> = f} > J/th}

It can be shown that

and

Yth

AMd28T

—_— (80)
Yih + (1_1'))»”1]0

F -
2 | {1ty 2=y V1)

Considering (1) with ab = Ir, (79) and (80) into (78) yields

Ag2¢rT
o0 AsrPry . —
PI] -1 A e_[)hlr"— Pﬁ th ]f (l_f))‘rdf f
out,Low s Aig2¢,T
0 Yih T+ —f
(=1)Arg

(1)

Solving for the last integral in (81) using [54, Eq. (2.3.6.9)]
along with some simplifications gives (19).

APPENDIX E
THEOREM 3.5 PROOF
With energy harvesting is employed at both S and R, the sys-

tem SIR can be obtained from (13) by setting P}’ = %
(as in (4)) and PF = % (as in (7)), which gives (82)
shown at the bottom of this page. Now, the outage prob-

ability for this energy harvesting Mode, say Pg}t, can be
obtained as

PIII

=P A <y} (83)

However, to assist tractability, we manipulate it to be com-
puted by

o0
Py = /0 Finp@PAXM {152 = ¢} < v} dg. (84)

where the conditional SIR X™|{|h;,|> = g} is given by (85).

XM = q) =

255t 28
(]i;) (]EE)PIZCI|hIr|2|hsr|2|hrd|2

20, 204 :
T PR i 4 hra 2 + 25 PPl Plhial? + PP P i
(85)

By dividing the numerator and the denominator of (85) by
|h;,|* along with some arrangements we obtain

. X1)»
QX + U D+ WDy

where X, Wi, ), and &, are defined in (29), (31), (63) and
(64), respectively. Dividing the numerator and denominator of
(86) by W P, gives

X sl = ¢} (86)

bW

ZsrbPy I R TR
=1—¢ n 1l XU 1) = ¢} = ——=—"—. (87)
m_ 26T 25T P2\ g, gy 2 o

24T

25,
(lg_z)Plzlh[r|4|hrd|2 +
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Then

LIV}

Pr XIH |h |2 — < — Pr q}l CI>2
{ | { Is ‘1} Vth} z_ll N % +1

o]

Ja (x)dx

rm W

o0
+[ Y
o W

fX1 (x)
X P, {& <
%) X — Y
(88)

< Vth}

=1-

Substituting (41) and (70) into (88) gives (89).
PAXM {15 = g} < v} =1
_ /OO 205t h g
2
0 (1 - T))”sr (Z + Yth + (21{51{)»)1):q)

o (I = Argrrr 2+ Y + Dy
28, TAg Z

=022 1 Gyt Drin )

X ei( 20rthrg z

in(—

Considering (1) (with ab = Is) and (89) in (84) gives P! as
(90).

111 — q
A
P[)ll[ = 1 — / )\.[Se Is

1 — o)A ghir 1
(I =D hgrrr @+ v + )Vth)dz' (89)

28, TALq Z

(x + Dy } dr.

(I = DAgrrr 2+ Y + 1))’th>

x Ei (—

28, TAg Z
o
/ Apge s 25Thirg 7dq | dz.
0 zgsf)\qu
(= Dhre (2+va + T55,
i é14 -
On

Swapping the last two integrals in (90) yields (91). Finally,
solving for /4 using [54, Eq. (2.3.6.9)] along with some sim-
plifications gives (20).

APPENDIX F
THEOREM 3.6 PROOF
The conditional SIR in (87) can be upper bounded as

(XY
XM {1 = q} < X[ {Ius]> = ¢} = min (\y_i Ez) )
92)

Accordingly, the lower bounded outage probability of Mode
III can be obtained by

o0
PotiLow = /(; S 2 (@Pr {XJ;I {Ihs)* = q} < Vth} dg,
(93)
where

I = q} < )/th]

min & & <
r \Ijl’ @2 ylh

/oo 205t A g
x )
0 285t hirg
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— 1 =5ry5 tl _ 1l .
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25T ol Ty 1y
26T ¢ It is clear that ﬁ = —“’r}iqllz‘ l and y—i = —“ ”‘lhh‘j:zl ol are
(=1)h,ghp, (2+ +1)t
X e ( 25’”‘7d1 - yh) dependant. Thus conditioned on |h;.|> = f, we may obtain
(95) shown at the bottom of the page. Provided that
Ei (_ (I = D)Apghrr (2 + Vin + I)Vth) dzdg (90) .
26,701 z ' Fii oy () = 1= 50 (96)
1 r
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ou 0 28, Thra z Yih
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(e ) lin=n T = e
o0
1
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0
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28T ha 28yt ha 2¢51q
plil —1-1 F2)Arrrra(1 — Ty / oMy <2 7. Ara(1 — Ty <)LI n Agr(1 — T)Vth)) dg
outLow " 28, TA1a 0 T 24 Thy ! 2¢5tq
(100)
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