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Abstract—Energy-harvesting (EH) and wireless power transfer
are increasingly becoming a promising source of power in future
wireless networks and have recently attracted a considerable
amount of research, particularly on cooperative two-hop relay
networks in Rayleigh fading channels. In contrast, this paper
investigates the performance of wireless power transfer based
two-hop cooperative relaying systems in indoor channels char-
acterized by log-normal fading. Specifically, two EH protocols are
considered here, namely, time switching relaying (TSR) and power
splitting relaying (PSR). Our findings include accurate analytical
expressions for the ergodic capacity and ergodic outage probability
for the two aforementioned protocols. Monte Carlo simulations
are used throughout to confirm the accuracy of our analysis.
The results show that increasing the channel variance will always
provide better ergodic capacity performance. It is also shown that
a good selection of the EH time in the TSR protocol, and the power
splitting factor in the PTS protocol, is the key to achieve the best
system performance.

Index Terms—AF relaying, energy-harvesting (EH), ergodic
capacity, log-normal fading, wireless power transfer.

I. INTRODUCTION

PROLONGING the lifetime of energy-constrained wireless
networks has always been a central point of research.

This is even more appealing in low-power consumption wire-
less devices where replacing or recharging their batteries is
undesirable. In such scenarios, a more convenient solution is
to make the wireless network power-independent by simply
scavenging energy from the surroundings, such as electro-
magnetic waves. The advent of using electromagnetic waves
to concurrently carry information and energy signals, also
known as simultaneous wireless information and power transfer
(SWIPT), has drawn significant research interest in recent
years [1], [2]. In particular, a considerable amount of this
research has focused on amplify-and-forward (AF) and decode-
and-forward (DF) cooperative communication networks with
energy-harvesting (EH) relays. For example, the authors in
[3] analyzed the performance of AF EH relaying for half-
duplex systems where a greedy switching policy based on
time-switching is introduced. In [4], the authors evaluated the
performance of a one-way AF relaying network in terms of the
system throughput. This study proposed two relaying protocols
based on power splitting relaying (PSR) and time switching
relaying (TSR). In the former protocol, the received signal
power is split into two parts, one for information processing and
the other for EH, whereas in the latter this is achieved by means
of time switching between the information receiver and the
energy-harvester. In addition, [5] evaluated the performance of

a two-way EH relay network in terms of the outage probability
and ergodic capacity. Furthermore, the authors in [6] and [7]
considered DF relaying with EH constraints. To achieve a
better trade-off between information transmission and EH, relay
selection in multiple-relay networks were also examined. In
this regard, many relay selection techniques are investigated
such as time-sharing selection, weighted different selection and
threshold-checking selection [8].

All these studies have been limited to Rayleigh fading
channels which is used to model the outdoor wireless channel.
However, to the best of the authors’ knowledge, no work has
considered the analysis of EH and wireless power transfer
systems over log-normal fading channels which statistically
characterize fading in various radio propagation environments
such as indoor and ultra wide-band channels, as well as
shadowing effects in outdoor scenarios [9], [10]. This paper is
therefore devoted to analyzing the performance of cooperative
EH relaying systems over log-normal fading channels. Two
well-known EH protocols are considered in this investigation,
namely, TSR and PSR. The performance of these schemes
is evaluated in terms of the ergodic capacity and the corre-
sponding ergodic outage probability. The resulting accurate
analytical expressions provide insights into the behavior of
such protocols under different system settings. Monte Carlo
simulations are also provided to validate our analysis. Results
reveal that the two systems under consideration will always
have better performance as the log-normal channel variance
increases and that optimizing the EH time in the TSR protocol,
and power splitting factor in the PTS protocol, will maximize
the achievable ergodic capacity.

The rest of this paper is organized as follows. Section II
describes the system model and defines the system performance
metrics adopted in this study. Accurate analytical expressions
are derived for the ergodic capacity and the ergodic outage
probability for the TSR and PSR protocols over the log-normal
fading channel in Sections III and IV, respectively. Numerical
and simulation examples are presented and discussed in Section
V. Finally, Section VI summarizes the paper and outlines the
main conclusions.

II. SYSTEM MODEL

The system model under consideration is shown in Fig. 1.
This system consists of a source node transmitting its data to a
destination node through an energy-constrained AF relay node.
The relay is an EH node which relies entirely on harvesting
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Figure 1: Basic system model with cooperative AF relaying over a log-
normal fading channel.

the energy transmitted by the source. The source-to-relay (S-to-
R) and relay-to-destination (R-to-D) channel gains are denoted
as h1 and h2 and the corresponding distances are d1 and d2,
respectively, see Fig. 1. The two links experience quasi-static
block fading; that is, the channels remain constant over the
block time, T , and vary independently and identically from
one block to another according to log-normal distribution with
the following probability density function (PDF)

fZ (zi) =
ξ√

2πσzi
exp

[
− (10log10 (zi)− µ)

2

2σ2

]
(1)

where zi = h2
i , iε {1, 2}, ξ = 10/ln (10) is a scaling constant,

µ and σ2 (both in decibels) are the mean and the standard devi-
ation of 10log10 (h), respectively. The corresponding moment-
generating function (MGF) of the PDF in (1), which will be
used later in our analysis to derive the ergodic capacity for the
various harvesting systems under consideration, is calculated
simply as [11, eq. (2.54)]

ΨZ (s) =

∞̂

0

exp (−s z) f (z) dz (2)

=

∞̂

0

exp (−s z) ξ√
2πσz

exp

[
− (10log10 (z)− µ)

2

2σ2

]
dz (3)

No closed-form expression for this MGF is available in the
literature. However, it can be expressed, for real s, by a series
expansion based on Gauss-Hermite integration as [12]

Ψ (s) ,
N∑
n=1

wn√
π

exp

[
−s exp

(√
2σ xn + µ

ξ

)]
, (4)

where N denotes the Hermite integration order, {wn}Nn=1 and
{xn}Nn=1 are the weights and abscissas, respectively. In this
paper we will use N = 25 and the corresponding weights and
abscissas are tabulated in [13, Table 25.10].

In our system model, it is assumed that there is no direct
link between the source and destination nodes, that is all
communications are accomplished over two phases through
the relay. In the first phase, the source transmits the energy
signal which is harvested by the energy-harvester at the relay,
and in the second phase the relay uses this energy to amplify
and forward the source signal to the intended destination.
Without loss of generality, we also assume that the relay has
perfect knowledge of both the S-to-R and R-to-D channels state
information as well as the corresponding distances, which are
common assumptions in analyzing cooperative communication
systems [14]–[16].

A. Ergodic Capacity

The ergodic capacity is determined as

E [CD] =
1

2
E [log2 (1 + γD)] , (5)

where E [.] is the expectation operator, γD and CD denote the
signal-to-noise ratio (SNR) and the capacity at the destination
node, respectively, and the factor 1

2 is due to the required two
time slots for S-to-D transmission.

B. Ergodic Outage Probability

The ergodic outage probability is an important quality of
service measure and is defined as the probability that the
ergodic capacity drops below a predetermined threshold, Cth.
It is given as

Pout = Pr [CD < Cth] . (6)

To assess the performance of the system considered here we
need to derive analytical expressions for the ergodic capacity
and ergodic outage probability with the two EH based systems
over the log-normal fading channel.

III. TIME SWITCHING RELAYING

The principle of this protocol is illustrated in Fig. 2. As can
be seen from Fig. 2a, the time required to transmit one block
from the source to the destination is given by T and the EH
time during which the relay harvests energy is denoted as αT
where 0 ≤ α ≤ 1. The remaining time is divided into two slots
each of length (1− α)T/2 used for data transmission during
phases I and II, respectively. To elaborate, the received signal
at the relay in the first phase can be expressed as [17]

yr (t) =
1√
dm1

√
Ps h1 s (t) + na (t) , (7)

where m is the path loss exponent, Ps is the transmitted source
power, s (t) is the information signal, E

[
|s (t)|2

]
= 1, and

na (t) is the noise at the relay with variance σ2
a. Hence, the

harvested energy at the relay during the time period αT can
be expressed as

EH = ηαT

(
Ps
dm1

h2
1 + σ2

a

)
, (8)

where 0 < η < 1 is the EH efficiency determined mainly by
the circuitry. In the second phase, the transmitted signal at the
relay after the base-band processing and amplification can be
given by

r (t) =
1√
dm1

√
PsPrGh1 s (t) +

√
PrGnr (t) (9)

while Pr is the relay transmit power, nr (t) = na (t) + nc (t)
where nc (t) is the noise added by the information receiver and
G is the relay gain which is given by G = 1√

Ps
dm1

h2
1+σ2

r

, and

σ2
r = σ2

a + σ2
c . Now, the received signal at the destination in

the second phase can be written as

yD (t) =
1√
dm1 d

m
2

√
PsPrGh1h2 s (t)
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+
1√
dm2

√
PrGh2 nr (t) + nd (t) , (10)

where nd is the noise at the destination node with variance σ2
d.

Furthermore, the transmitted power at the relay is related to the
harvested energy as Pr = 2EH

(1−α)T , which can also be written,
using (8), as

Pr =
2ηα

(1− α)

(
Ps
dm1

h2
1 + σ2

a

)
. (11)

Now, by substituting (11) into (10), and with some algebraic
manipulation, we can express the SNR at the destination as

γD =
2ηαPs h

2
1 h

2
2

2ηαh2
2d
m
1 σ

2
r + (1− α) dm1 d

m
2 σ

2
d

. (12)

A. Ergodic Capacity for the TSR Protocol

In this section, we derive an expression for the ergodic
capacity for the TSR protocol. To begin with, let

a1 = 2ηαPs, (13a)
a2 = (1− α) dm1 d

m
2 σ2

d, (13b)
a3 = 2ηα dm1 σ

2
r , (13c)

X = a1X, and (13d)
Y = a2Ȳ , (13e)

where X = h2
1 and Ȳ = h−2

2 . Given these definitions, the SNR
γD in (12) can be re-expressed in a simpler form as follows

γD =
X

Y + a3
. (14)

Hence, using (5) and (14), the ergodic capacity of the TSR
based system can also be expressed as

E [CD] =
(1− α)

2
E
[

log2

(
1 +

X
Y + a3

)]
. (15)

It should be pointed out that the term (1− α) implies that
only during this fraction of time, information transmission takes
place as the rest of the time is occupied for EH as discussed
earlier.

Lemma 1. It is found in [18] that for any u, v > 0

E
[
ln
(

1 +
u

v

)]
=

∞̂

0

1

s
(Ψv (s)−Ψv,u (s)) ds, (16)

where Ψv (s) denotes the MGF of the random variable (RV) v,
defined in (2) whereas, when v and u are independent, Ψv,u (s)
is given by Ψv,u (s) = Ψv (s) Ψu (s) .

Using the definition in (16), and since X and Y are inde-
pendent, the destination ergodic capacity of the TSR system in
(15) can be obtained as

E [CD] =
(1− α)

2 ln (2)

∞̂

0

1

s
(1−ΨX (s)) ΨY+a3 (s) ds (17)

where ΨX (s) and ΨY+a3 (s) are the MGFs of the RVs X
and Y + a3 given by ΨX (s) = ΨX (a1s) and ΨY+a3 (s) =
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(b) Block diagram of the TSR-based relaying system.

Figure 2: TSR protocol for EH and information signal processing at the
relay.

ΨȲ (a2 s) exp (−a3s), respectively. Since X and Ȳ are log-
normally distributed with parameters h2

1 ∼ LN
(
2µh1 , 4σ2

h1

)
and h−2

2 ∼ LN
(
−2µh2

, 4σ2
h2

)
, using the series expansion

based on Gauss-Hermite integration (4), we can express ΨX (s)
and ΨY+a3 (s) as in (18) and (19), respectively, shown at the
top of the next page. Finally, by substituting (18) and (19) into
(17), we get the ergodic capacity for the TSR-based system.

B. Ergodic Outage Probability for the TSR Protocol

To derive the ergodic outage probability for the proposed
TSR system, it is more convenient to rewrite (12) as

γD =
a1h

2
1 h
−2
2

a3h2
2 + a2

, (20)

where a1, a2 and a3 are defined in (13). Substituting (20) into
(6) yields

Pout = Pr

[
a1X Y

a3Y + a2
< v

]

= Pr

(
Y <

a2 ν

a1X − a3 ν

)
, (21)

where v = 2
2Cth
1−α − 1. The fact that Y is always a positive

value implies

Pout =

Pr
(
Y < νa2

a1X−νa3

)
, X < va3

a1

Pr
(
Y > va2

a1X−va3

)
= 1, X > va3

a1
.

(22)

With this in mind, the outage probability can now be
calculated as in (23), shown at the top of the next page, where
fX (.) is the PDF of the log-normally distributed RV, X , and
is given as

fX (z) =
ξ

z
√

8πσ2
h1

exp

[
− (ξ ln (z)− 2µh1 − ξ ln (a1))

2

8σ2
h1

]
(24)
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ΨX (s) ,
N∑
n=1

wn√
π

exp

−2ηαPs︸ ︷︷ ︸
a1

s exp

(√
22σh1xn + 2µh1

ξ

) (18)

ΨY+a3 (s) , exp

−2ηα dm1 σ
2
r︸ ︷︷ ︸

a3

s

 N∑
n=1

wn√
π

exp

− (1− α) dm1 d
m
2 σ2

d︸ ︷︷ ︸
a2

s exp

(
−
√

22σh2
xn + 2µh2

ξ

) (19)

Pout =

va3
a1̂

0

fX (z) Pr

(
Y >

va2

a1z − va3

)
︸ ︷︷ ︸

=1

dz +

∞̂

va3
a1

fX (z) Pr

(
Y ≤ va2

a1z − va3

)
dz, (23)

Pout = 1− ξ

4
√

8πσ2
h1

∞ˆ
va3
a1

1

z

(
1 + erf

[
ξ ln (Γ)− 2µh2

2
√

2σh2

])
exp

[
− (ξ ln (z)− (2µh1

+ ξ ln (a1)))
2

8σ2
h1

]
dz (27)

The probability in the first integral of (23) is equal to 1,
because Y is always positive which will always be greater than
the negative value of va2

a1z−va3 when 0 < z < va3
a1

), whereas the
one in the second integral represents the cumulative distribution
functions (CDF) of the RV, Y . Hence, the outage probability
can now be simplified to

Pout =

va3
a1̂

0

fX (z) dz +

∞̂

va3
a1

fX (z)FY (z) dz. (25)

where FY (.) denotes the CDF, and is given in this case by

FY (Γ) =
1

2

(
1 + erf

[
ξ ln (Γ)− 2µh2

2
√

2σh2

])
, (26)

where erf (.) is the error function and Γ = va2
z−va3 . Substitut-

ing (24) and (26) into (25) yields the TSR system’s outage
probability given by (27), shown at the top of the next page.

IV. POWER SPLITTING RELAYING

This protocol divides the block time, T , into two equal
periods, i.e. T/2, for source-to-relay and relay-to-destination
transmissions as illustrated in Fig. 3a. During the first half,
the relay allocates a portion of the received signal power to the
energy-harvester, ρP , whereas the remaining power, (1− ρ)P ,
is used for information transmission as presented in Fig. 3b.
Hence, the received signal at the input of the energy-harvester
can be expressed as

√
ρyr (t) =

1√
dm1

√
ρPsh1 s (t) +

√
ρna (t) . (28)

The resultant harvested energy can now be simply written as

EH =
ηρT

2

(
Ps
dm1

h2
1 + σ2

a

)
. (29)
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Figure 3: PSR protocol for EH and information signal processing at the
relay.

Using this harvested energy, the relay amplifies and forwards
the source signal to the destination node. Hence, the transmitted
signal at the relay can be given by

r (t) =
1√
dm1

√
(1− ρ)PsPrGh1 s (t) +

√
PrGnr (t) , (30)

where nr (t) =
√

1− ρna (t) + nc (t) and G is given for this
system as G = 1√

(1−ρ)Ps
dm1

h2
1+σ2

r

. From (30), the received signal

at the destination can be written as

yD (t) =
1√
dm1 d

m
2

√
(1− ρ)PsPrGh1h2 s (t)
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+
1√
dm2

√
PrGh2 nr (t) + nd (t) . (31)

The transmitted power of the relay as a function of the
harvested energy is given by Pr = 2EH

T/2 , which can also be
expressed, using (29), as

Pr = ηρ

(
Ps
dm1

h2
1 + σ2

a

)
. (32)

Substituting (32) into (31), and with some algebraic manipu-
lation, the SNR at the destination node in the PTS based system
can expressed as

γD =
η ρ (1− ρ)Ps h

2
1 h

2
2

η ρ dm1 σ
2
c h

2
2 + η ρ (1− ρ) dm1 σ

2
a h

2
2 + (1− ρ) dm1 d

m
2 σ

2
d

(33)

A. Ergodic Capacity for the PSR Protocol

Below, we derive an expression for the ergodic capacity for
the PSR based system over the log-normal fading channel.
Firstly, let

b1 = η ρ (1− ρ)Ps, (34a)
b2 = (1− ρ) dm1 d

m
2 σ

2
d, (34b)

b3 = η ρ dm1 σ
2
c , (34c)

b4 = η ρ (1− ρ) dm1 σ
2
a, (34d)

Q = b1X, and (34e)
R = b2Ȳ . (34f)

Using these definitions, we can straightforwardly rewrite (33)
as

γD =
Q

R+ b3 + b4
. (35)

From (5) and (35), the ergodic capacity for this system can
also be given as

E [CD] =
1

2
E
[

log2

(
1 +

Q
R+ b3 + b4

)]
. (36)

Now, using (16), we can rewrite the ergodic capacity of the
PSR system (36) in the following form

E [CD] =
1

2 ln (2)

∞̂

0

1

s
(1−ΨQ (s)) ΨR+b3+b4 (s) ds, (37)

where ΨQ (z) and ΨR+b3+b4 (z) are the MGFs of the RVs
Q and R+ b3 + b4, and are given, respectively, as ΨQ (s)
= ΨX (b1 s) and ΨR+b3+b4 (s) = ΨR (s) exp (−b3 s)
exp (−b4 s) , where ΨR (s) = ΨȲ (b2 s) . Now, since the
channel is log-normally distributed, we can express ΨQ and
ΨR+b3+b4 as in (38) and (39), respectively, shown at the top
of the next page. Finally, substituting (38) and (39) into (37)
yields the destination ergodic capacity of the PSR EH system
over log-normal fading channels.

B. Ergodic Outage Probability for the PSR Protocol

Following the same procedure as in the previous section, it is
straightforward to show that the outage probability of the PSR
protocol over the log-normal fading channel can be expressed
as

Pout = 1− ξ√
8πσ2

h1

∞ˆ
v(b3+b4)

b1

(
1

z

×
(

1− 1

2

(
1 + erf

[
ξ ln (Λ)− 2µh2

2
√

2σh2

]))

× exp

[
− (ξ ln (z)− 2µh1

− ξ ln (b1))
2

8σ2
h1

])
dz, (40)

where

Λ =
υb2

b1z − vb2 − vb4
.

V. NUMERICAL RESULTS

In this section, we present numerical examples for the
ergodic capacity and the ergodic outage probability expressions
derived above. Monte Carlo simulations are also provided
throughout to verify our analysis. The system parameters
adopted here, unless clearly stated otherwise, are as follows:
m = 2.7, G = 1, σ2

r = σ2
d = 0.01, σ2

a = σ2
c = σ2

r/2,
µh1

= µh2
= 2, and σ2

h1
= σ2

h2
= 2.

A. Ergodic Capacity

In this section, we investigate the impact of α, ρ, σ2
h1

and
σ2
h2

on the ergodic capacity of the TSR and PSR based systems.
System parameters considered here are Ps = 1, d1 = d2 = 3
and η = 1. Figs. 4a and 4b illustrate some analytical and
simulated results for the ergodic capacities as a function of
α and ρ, respectively, for various variances of the log-normal
channel. The analytical results for the TSR and PSR systems
are obtained from (17) and (37), respectively. It is interesting
to observe that as the channel variance increases, both α and
ρ decrease which implies that less EH is now required to
maintain the same ergodic capacity. It is also evident that for
both systems there always exists an optimal EH time, α∗, and
an optimal power splitting factor, ρ∗, that maximize the system
performance. This is because when α is too small in the TSR-
based system, there is no sufficient time for EH and hence
only a small amount of energy is harvested which of course
will result in poor capacity. At the other extreme, when α is
too large, too much energy is harvested unnecessarily at the
expense of information transmission time which, consequently,
leads to poor capacity. Similarly, this justification applies to
ρ in the PSR system. It is clearly noted therefore that the
performance of these protocols are greatly dependent on the
selection of α and ρ. This phenomena is studied in more detail
below.
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ΨQ (s) ,
N∑
n=1

wn√
π

exp

[
−η ρ (1− ρ)Ps s exp

(√
22σh1

xn + 2µh1

ξ

)]
(38)

ΨR+b3+b4 (s) , exp
(
η ρ dm1

(
ρσ2

a − σ2
c − σ2

a

)
s
) N∑
n=1

wn√
π

exp

[
(ρ− 1) dm1 d

m
2 σ

2
d s exp

(
−2
√

2σh2xn + 2µh2

ξ

)]
(39)
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Figure 4: Ergodic capacity versus the EH time and power splitting factor for the TSR and PSR protocols with different variances of the log-normal channel.

B. Optimized Systems

We now evaluate the performance of the optimized TSR and
PSR systems. To begin with, we plot in Fig. 5 the optimal
α and ρ with different values of Ps and η = 1, when the
relay is moved from the source (0, 0) towards the destination
(0, 10) such that d1 = 10 − d2. The analytical results of
these parameters can be easily evaluated from (17) and (37)
by solving the following

∂

∂α/ρ
{E [CD]} = 0. (41)

Although it is not easy to express the solution of these
equations in closed-form, numerical solutions do not pose
any computational difficulties and can be determined with the
help of some built-in functions in software tools such as the
FindMaximum function in Mathematica. It can be seen from
Fig. 5 that the relay location greatly affects the optimized EH
parameters. The other observation one can see is that at a given
location, increasing the source power will reduce both α∗ and
ρ∗ but more so for the former. For the TSR-based system, the
longest harvesting time occurs when the relay is positioned
around half-way between the source and the destination. The
final remark on these results is that in both the TSR and PSR
protocols, α∗ and ρ∗ approach zero as the relay becomes very
close to the source or relay which is intuitive.

Fig. 6 depicts the maximum achievable ergodic capacity
corresponding to α∗ and ρ∗ shown in Fig. 5. It is evident that
the optimized PSR system always outperforms the optimized

TSR irrespective of the relay location. In addition, the lowest
ergodic capacity for the two systems is noticed when the relay
location is around midway. This is because in this region, EH is
at its peak, as illustrated in Fig. 5, which considerably affects
information transmission time and hence the overall ergodic
capacity.

C. Ergodic Outage Probability

The ergodic outage probability of the systems under con-
sideration is examined in this section. Fig. 7 presents some
numerical examples of this probability for the optimized TSR
and PSR schemes with two system settings: {η = 0.4, Ps = 1}
and {η = 1, Ps = 5} when σ2

h1
= σ2

h2
= 3 and d1 = d2 = 1.

The analytical results of the TSR and PSR systems are obtained
from (27) and (40), respectively, when using α∗ and ρ∗. For
the first system setting we use α∗ = 0.154 and ρ∗ = 0.581
and for the second, we use α∗ = 0.101 and ρ∗ = 0.491. It is
seen from these results that the PSR system always has lower
ergodic outage probability and that increasing η and/or Ps will
considerably boost the performance for the two systems under
investigation.

VI. CONCLUSION

In this paper we analyzed the performance of different
EH protocols in cooperative communication systems over log-
normal fading channels. Two EH protocols were considered
namely, TSR and PSR. Accurate analytical expressions for the
ergodic capacity and ergodic outage probability for the two
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Figure 5: Optimal EH time and optimal power slipping factor versus the
source-to-relay distance (d1 = 10− d2) when Ps = 1 and 5. The solid
and dashed lines represent the analytical results whereas the blue circles
indicate the simulated results.
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Figure 6: The maximum achievable ergodic capacity for the TSR and PSR
schemes over the log-normal fading channel versus the S-to-R distance
(d1 = 10− d2) when Ps = 1 and 5.

systems were derived and validated with Monte Carlo simu-
lations. The results demonstrated that as the channel variance
increases, the EH based systems will provide better ergodic
capacity. Also, a good selection of the EH time in the TSR
protocol, and the power splitting factor in the PTS protocol,
was found to be the key to achieving the best performance.
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