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Abstract

In this work, an energy harvesting-assisted wireless network is considered, where a source, contrary to the
conventional networks, harvests its required energy via two independent energy channels. In addition, we
assume a destination terminal, which receives the interference signals along with the data transferred by the
source. In this model, the source is considered to scavenge energy from the destination's broadcasted signal
and ambient interference signal. We model the energy and data channels via the Rayleigh-Racian channel
model. Then the system outage probability is obtained after analyzing the outage probability of energy and
data channels. Moreover, another scenario in which the source is assumed to harvest energy from only the
destination terminal is investigated. The computer simulations are conducted in order to evaluate the
effectiveness of the proposed approach, and the impacts of different system parameters on the system outage
probability are investigated. The results obtained indicate the outperformance of the scenario in which
energy harvests via two channels compared to the case where only one energy harvesting channel exists. In
addition, the overall system outage highly degrades when outage in energy channels decreases, especially in

the first scenario.
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1. Introduction

Wireless has only been used for communications
via radio frequency (RF) radiation for a long time.
However, the recent research works go beyond the
conventional communication-centric transmission.
Powering devices via wireless radiation brings
new opportunities including no need for wires and
batteries, energy efficiency, and increased
devices’ lifetime. In the low-power wireless
applications such as wireless sensor networks
(WSNSs) and the internet of things (loT), energy
harvesting (EH) is a good substitute for the
traditional battery because the operational lifetime
of rechargeable batteries is limited, and replacing
the sensors’ exhausted batteries is not viable in
these high-density networks. However, through
the EH approaches, the lifetime of a network can
be extended, and the maintenance cost is
minimized. The EH techniques enable low-power
devices to scavenge energy from various sources.
Besides the conventional renewable energy
sources such as thermal, solar, and wind, RF
signal radiated by ambient transmitters are
considered as a new source for energy harvesting.

The wireless-powered communication networks
(WPCNs) are the wireless networks that take
advantage of both information and energy carried
by radio signals [1]. Wireless terminals typically
have no internal energy supply in these networks,
and are powered by wireless energy transfer
(WET). WET and wireless information transfer
(WIT) are performed separately in a WPCN, as in
[2]. Here, a hybrid access point broadcasts energy
in the downlink, and receives information in the
uplink. In general, WPCNs have been studied
over various setups. An overview of the
networking structures, techniques to build an
efficient WPCN, and challenges are presented in
[3]. A novel harvest-then-transmit protocol for
WPCN has been proposed in [4], which examines
the sum throughput maximization. In [5], the
outage probability, achievable throughput, ergodic
capacity, and bit error rate (BER) of a WPCN
under the generalized x — u fading model are
derived. The average throughput analysis of a
WPC system under Rayleigh and Nakagami-m
fading channel has been investigated in [6] and
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[7], respectively. Moreover, many studies, i.e. [8]-
[13], address the wireless energy harvesting issue.
In most studies, it is considered that the WET
channels provide a constant amount of energy
permanently. However, this assumption does not
hold in most applications, as the WET channels
may be subject to an outage. In [14], the data and
energy channels have been considered separately,
and the authors have proposed a new transmission
scheduling. The outage probability analysis of a
relay-assisted energy transmission scenario has
been investigated in [15]. Here, it is considered
that the transmitter is powered via two links, a
direct and a link equipped with an energy
harvesting relay. Then an energy-efficient
scheduling method is proposed based on the
energy and data channel outage probabilities.
Based on the above studies, in this work, we
investigate the outage of a WPCN in the presence
of interference signals under the Rician-Rayleigh
fading channel model. A time switching-based
protocol is applied for energy harvesting and data
transfer. In the first phase of a transmission block,
the source terminal conducts RF energy
harvesting. The required energy of the source is
assumed to provide via two independent channels,
from both the destination terminal and the
interference signal from the ambient. After
finishing the energy harvesting phase, the source
transmits data by applying the stored energy
during the second phase. The environmental
interference signals also affect the received signal
at the destination. In this model, the aim is to
analyze the system outage probability regarding
the outage of energy channels. In addition,
another scenario is considered to examine the
impact of the amount of harvest energy on the
system performance. Thus in the second scenario,
the source is considered to scavenge energy via
only one channel. Moreover, the simulations are
conducted in order to evaluate the system's
performance.

The rest of this paper is organized as what
follows. The explanation of the proposed system
model is presented in Section 2. The outage
probability analysis of the system is discussed in
Section 3. Section 4 investigates a special case of
the proposed model in which the source harvests
energy from only one energy channel. Section 5 is
specified for simulations. Finally, the paper is
concluded in Section 6.

2. System model

In this work, a scenario with four point-to-point
channels including D - S,1 - S,S - D, - D is
considered, as illustrated in figure 1 (a).
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Subscript-S is applied for the source terminal,
subscript-D for the destination terminal, and
subscript-1 for the interference signal. Both the
source and destination terminals are assumed to
have a single antenna. The energy harvesting and
data transmission links are presented by dashed
and solid lines, respectively. As demonstrated in
figure 1 (b), the considered model has two phases
during each transmission block with a time length
T. The first phase of the block is aT amount of
time, where a denotes the time-splitting factor for
energy harvesting and data transfer, and is as
0 < a < 1. As depicted in figure 1(b), the energy
harvesting process is performed in the first phase.
It should be noted that the source terminal is
considered to have no internal energy supply, and
provides its energy via scavenging RF energy
from two independent links, I - Sand D - S. In
general, the interference signals are considered
undesirable for the data channels as it degrades
their performance by affecting the signal-to-noise
ratio. However, the interference may be helpful
for energy channels as it boosts the aggregate
energy. In the considered model, it is assumed that
the source terminal makes use of the interference
by harvesting and storing the broadcasted RF
energy over the I — S link. The stochastic nature
of the ambient RF signal makes it intermittent.
Thus to be more reliable, the source is assumed to
harvest the RF energy from the destination
overthe D — S link. The second phase, with a
time length (1 — )T, is specified for the data
transfer. During this time interval, the destination
is received data over two links. The powered
source transfers data to the destination over the
S — D link. It is assumed that the source uses all
the energy stored during the first phase for
transferring the data. Simultaneously, the ambient
interference signal is received by the destination
over the I - D link.

EH: ks ===
DT link

EH DT
S——D
L——D

aT (A—-a)T

(b)
Figure 1. Wireless powered communication network
(a) system model, (b) transmission block.
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The channel coefficient from X to Y where
X,Y €{S,D,I} is denoted by hyy. The channel
power gain from X to Y is as |hyy|?, where |.|
denotes the absolute operation. The channel gain
is considered constant during each block;
however, it changes independently from one block
to another. Here, the environment is assumed to
be highly scattered, and the Rician distribution is
used to model the I - D channel. The three
remaining channels are modeled by the Rayleigh
distribution.

In the next section, the system outage probability
regarding the energy and data channels outage is
computed.

3. Outage probability analysis

This section analyzes the outage probability of the
proposed model in figure 1. Thus the outage of the
data transfer channel is first examined, and then
the outage probability of the energy channels of
the model is investigated. In addition, the system
outage probability is computed based on the
obtained energy and data outage relations.

3.1. Outage probability of data channel
Consider P, and P, as the transmission power of
the destination terminal and interference signal,
respectively. In the first phase of the transmission
block, the source terminal scavenges the
broadcasted energy by the destination and also
from the ambient interference signals. The
aggregate energy at the source can be formulated
as:

Es = aTnpPp|hps|* + aTnPy|hys|?, (1)

where np and n, are the energy harvesting
efficiency from the DS and IS links, respectively.
Thus the source transmit power can be obtained
as:

_ _Es _ oaTnpPplhpg|®+aTnPlhys|?
PS - (1_a)'|‘ - (l—a)T (2)
By considering np =n; =n and p =1 (lc_ra) can
be re-written as:
Ps = p(Pp|hps|? + Py|hys|?) 3)

In the second phase, the powered source transmits
data to the destination. Regarding the
simultaneous receiving of the interference signal
and data, the received signal at the destination can
be expressed as:

¥p = hgpxs + hypx; + ny (4)

where ny is the additive white Gaussian noise
(AWGN) with ng~N(0,N,), where N, is the
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power spectrum of the white noise. Moreover, xg
and x; are, respectively, the source and the
interference signal with E{|xs|?} = P; and
E{|x;|?} = P;,. By taking the first term in the
right-hand side of (4) as a signal and the second
and third terms as a noise, the signal to noise ratio
at the destination can be formulated as:

_ _Pglhgp|? 5
Yo Pylhyp|2+Ng ( )

where regarding (3), yp can be re-written as:

Ihsp|? (Pphps|®+Pyhys|?) (6)
Pilhip|2+Ng

Yp =P

In this investigation, the Rician distribution is
used to model the I - D channel, while I - S,
S—-D,and D - S are modeled by the Rayleigh
distribution. For simplicity, it is assumed that
2

= 22 |hps|? + Ihys|? and W = EERSEL For
simplicity, we take P, = P;. Thus (6) can be re-
written as:

Yp = WV (7)

The outage on a data channel happens when the
channel’s SNR becomes less than a desired
threshold. Thus the outage probability of the
S —» D channel from the system capacity is
expressed as:

OPpr = P((1 — ) log,(1 +vp) <R)

= P(WV <va) = J;"Fw (3) £,(v) dv ©®
R

where  y;, = 21-« —1 denotes the desired
threshold SNR value, and R is the target rate. For
solving (8), the CDF of W and the PDF of V
should be first computed. These functions are
calculated in the Appendix section.

Based on the relations obtained in the Appendix
section, we have:

Yth) _ -Kjp Y Xp)" n+1
Fw(v)—e Yin= 0(n+1)n,( app) X
Yth N
1 e_VPlESD P‘I) (9)
app (VPKSD+31D)

where A;p is the mean received power from all
paths, K;p = 19722 denotes the ratio of the power of
the line-of-sight path to the power of non-line-of-
sight paths, and a;p = —J2 Moreover, the
function f,(v) is obtained in the Appendix
section. Thus (8) can be re-written as:

- (Kip)"
OPyr = e KDy o(n,rul))n,( lD)n -

e o ]

vth )e KDS VeKspP1” dvy
sznﬂlD

(10)
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It should be noted that K;s and K¢ are the mean
of signal over I-S and D —S links,
respectively, and are assumed equal in deriving
the outage of the data channel S — D. Solving the
integral in (10) to reach a closed-form solution is
complex. For that, OPpy is computed numerically.

3.2. Outage probability of energy channels

The source terminal harvests energy from both the
destination and interference  signals, as
demonstrated in figure 1. Similar to the data
channels, the energy channels may experience an
outage. Whenever the energy of a transmitter is
less than the required amount for transmission, the
data is received with error at the receiver with a
high probability. In other words, an energy outage
occurs at the transmitter. As an outage in the
energy harvesting channels affects the data
transfer, it is essential to be considered in the
system outage analysis. The energy outage
probability of a terminal whose harvest energy is
E is defined as [15]:

OPgy = P(E < 0y,) (11)

where 6y, is the minimum required energy for
data transmission. In our model depicted in figure
1 (a), the aggregate energy at the source via
harvesting is shown in (1). Thus the energy outage
probability at the source is formulated as:

On
OPEH = P(ES < Bth) = P (V < —)

aTnPp;
0
=F (aT:]hPI)

where according to the F,(b) obtained in the
Appendix section, we have:

(12)

0
L) e_thI]PtlhKSD (13)
aTnP; Kgp

OPgy =1-— (1 +
3.3. System outage probability

The total system consists of both energy and data
channels working independently. The outage at
the energy harvesting and the data transfer
channels leads to a system outage. If the harvested
energy from the destination and interference
signals is very high and intermittent, the energy
outage probability approaches zero. Thus the
outage in the system occurs when there is an
outage in data transfer channels; in other words:

Ol)sys = OPDT (14)

However, the more realistic case is when the
fluctuation in the harvested energy is considered.
Thus to have a more reliable amount of harvested
energy in the proposed model, it is considered the

energy provided via two separate channels. In this
way, the sum of harvested energies is more
probable to meet the required energy of the source
compared to the case that energy is provided via
only one link. In this case, the system outage
probability is given by:

OPsys = OPEH + (1 - OPEH)OPDT (15)

4. A Special case: One energy harvesting
channel
This section examines a special case of the
proposed model in figure 1 (a). In this case, it is
assumed that the source energy is harvested only
via the D — S link, and the aim is to investigate
how much the system performance degrades.
With regard to the Rayleigh distribution model of

b
the energy channel, we have f,(b) = Kie Kps,
DS

Thus the outage probability of the data transfer
channel is given by:

OPDT =
n
e_KID Zoo (Kip) (a )n 1
n=0 Dn! ID K2
(n+1)n! DS (16)
v Yth No
1 oo v ol )
— [ (—— —)e Kps VeKspPr® dyp
Kps 0 “pyyp__tth
PKspaip
19 T
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Figure 2. System outage performance versus radiated
energy power fora = 0.5 and K = 1.
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Figure 3. System outage performance versus « for
Yen=3and K = 1.
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and the energy outage is obtained as:

0.n — Om
) =1 — e aTnPiKsp
aTnp;

OPyy = FV( (17)

The system outage is also computed based on (15)

5. Computer simulations

Computer simulations using Matlab are conducted
in order to evaluate the performance of the
proposed model. Two cases are considered, the
case in which two energy harvesters for the source
are applied, namely scenario 1, and the case with
one energy harvesting link, namely scenario 2.
Unless otherwise specified, the system parameters
are chosen as 1 = 0.8 and transmission block time
T = 1. The parameters of Rician distribution are
Kip = 0.2 and a;p = 1.2. On the other hand, the
values of different parameters including o, vy,
and K are varied during various simulations. It
should be noted that for the Rayleigh channels, we
assume KDS = KSD = KIS =K.

h _o-©o-

03/ = it i

_e-® —a— OP,, 0.9, Scenario 2

E "—*(I.‘). Scenario 1
01 o —4—-OPy,=0, Scenario 2 |

—5--0P
r

—a—OP,

e~ Scenario 1 ‘

05 1 15 2 25 3 35 4 45
7 (dB)

Figure 4. System outage performance versus data
threshold for K = 1 and % =5dB.
)

= <= -Scenario 2
Scenario 1

Figure 5. System outage performance versus K for
@=0.57, =3and - = 5dB.
0

83

Figure 2 plots the system outage probability of
scenarios 1 and 2 with respect to % for different
0

values of data threshold and a = 1. It can be
observed that the outage in the system with one
energy harvester (scenario 2) is higher than in the
system with two energy harvesting channels. In
addition, it is demonstrated that the increase in the
radiated power of energy sources results in a
significant reduction in the system outage in the
low SNR (up to 15 dB) regime. After
approximately 15 dB, the system outage
converges to a constant value, where for scenario
1 it is about 0.15, while it is 0.75 in scenario 2.
Moreover, the system outage probability in the
low data threshold is observed to be less than the
case with a high data threshold.

The system outage probability of scenarios 1 and
2 under different values of a is compared in figure
3, and the parameters are set to yy, =3 and
K = 1. With the increase of a from zero to one,
the outage in both scenarios decreases; however,
the model in scenario 1 outperforms the one in
scenario 2, especially in high values of a.

Figure 4 represents the system outage of both
scenarios with respect to the data threshold, while
the energy outage probability is fixed at 0 and 0.9.
Other parameters are chosen as K=1 and
;—L= 5dB. When there is no outage in energy
channels, the system outage occurs due to the
outage in the data channel. Moreover, figure 4
demonstrates that the least system outage in each
scenario is when the outage probability of energy
channels is zero. For example, when the
probability of energy outage channels increases,
the system outage increases from 0.2 to 0.93 in
scenario 1 for data threshold 2. However, it
changes from 0.8 to 0.98 in scenario 2. In
addition, an increasing trend in the system outage
is observed in all curves by the increase of the
data threshold.

In figure 5, the values for a = 0.5, vy, = 3 and

% = 5dB are fixed, and the effect of K on the
0
system outage performance in both scenarios is
investigated. The rise of K from 1 to 4 leads to a
gradual decrease in the outage of scenario 2, while

the outage improvement in scenario 1 is faster.

6. Conclusion

This paper addresses the outage probability
analysis for the energy harvesting assisted WPCN
in the presence of interference signals. It was
assumed that the source did not have any internal
energy supply. In scenario 1, the source required
transmission energy was harvested via both the
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D — S and I — S channels. In addition to the data
channel outage analysis, the outage of energy
channels was analysed; then, based on them, the
outage probability of the system was obtained.
Several simulations were conducted in order to
evaluate the outage performance of the proposed
model. The results obtained were compared with
the case where the source harvested energy via
only the DS channel (scenario 2). Comparing the
two scenarios’ results demonstrated that the
system outage highly degraded when the required
energy of the source was provided via two
channels. Moreover, the system outage is highly
affected by the energy outage. The lower energy
outage leads to a decrease in the system outage.

7. Appendix
Let COI’]SIder zZy = |hDS|2’ Zy = |h15|2, Z3 =
|hsp|?, and z, = |h;p|?. Based on these

definitions, the functions Fy, (b), F,(b), and f;,(b)
are calculated in this section.
- First, we compute Fy,,(b) as

z4+-2
TR

Fyw(b) =P(W<b) = P( s < b) =

b No

P(z3 _——( [ 24 +1))
[ Fyy (‘p’ ”;0 st D) E,(z,) dz,

The CDF of Rayleigh distribution and the PDF of
Rician distribution are, respectively, as:

(18)

(19)

_Z3
FZg (Z3) =1- e Ksp

Kp)" -
f24(z4) =e€ ~Kip Zn 0 (n]:;z (alD)n+1z4ne (@mpzs)

(20)

Thus based on (19) and (20), (18) can be re-
written as:

Fy(b) =e ¥ y5 (::gln (ap)"*! fooo (1 -

1 bz bNO (21)
e_@( p pP1)> Z4ne—(alDZ4) dz,
By applying [16, p. 3.326.2], (21) can be
formulated as:
Fuu(b) = e~ 7 o G0 (g o [ — (_;_)] (22)
- Next, to derive F,(b) and f;,(b), we have:
Fy(b) =P(V<b) =
P(z; +z; <b)=P(z; <b-1z;) = (23)

fob f,,(22) fob_zz f,(z1) dzydz,
With regard to the PDF of Rayleigh distribution as
f(z)=1—e¢"

k, (23) can be re-written as:
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b e_KDS

Fy(b)=1—e Kos—b (24)

KDS

Regarding that, K;c = Kps. In this case, the PDF
of V7 can be simply obtained from (24) as:

b

fy(b) = K%e'(_ns (25)
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