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a b s t r a c t
In this paper, the bit error performance of an energy harvesting (EH) cooperative amplify-and-forward
(AF) relaying system, in which the relay harvests energy from radio frequency source signal and then
uses this energy to transmit its signal to the destination in the presence of a direct link between the
source and the destination, is investigated in Nakagami- m fading channel. A unified approach to the
analysis of bit error probability (BEP) is presented for the cases where the relay harvests energy based
on power splitting (PS), time switching (TS) and ideal operational modes. Simulation results validate
the theoretical analysis performed for coherent M-PSK and M-QAM and different system parameters.
Dual-hop EH and conventional non-EH cooperative AF relaying systems are considered for comparison
purposes. The obtained results show that the system bit error rate performance is mostly dependent
on the channel parameter m and the energy harvesting parameters.
© 2019 Published by Elsevier B.V.

1. Introduction
Recently, relaying techniques by energy harvesting (EH) have
been considered as an interesting area of research to prolong
the life time of mobile nodes and improve the system energyefficiency. EH systems, in which the nodes extract energy from
the received radio frequency (RF) signal [1–3], introduce selfsustainability to the power constraint devices. Early studies on
the EH systems, introduce power splitting (PS), time switching (TS) and ideal (practically unrealistic) operational modes for
power constraint nodes to harvest energy [2,3]. In PS mode, a
portion of the incoming signal power is used for EH and the
remainder for information processing (IP). In TS mode, a fraction
of the signaling interval is used for EH and the remainder for
IP. Finally, the ideal mode is similar to PS mode where the relay
processes information and harvests energy from the total power
of the incoming RF signal.
1.1. Prior related works
In [3–6], the outage analysis of dual-hop (DH) systems is
performed, where the source and the destination only communicates via a power constraint relay when the link between
∗ Corresponding author.
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(Ü. Aygölü), ebasar@ku.edu.tr (E. Basar).
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the source and the destination is in deep fade. In [3], outage
and ergodic capacities of a DH-EH system, where amplify-andforward (AF) relay applies PS, TS and ideal operational modes,
are presented. Analytical expressions for outage and ergodic capacities are obtained in Rayleigh fading channel, which are then
used to derive throughput expressions. In [4–6], the outage performance of a decode-and-forward (DF) DH system is studied.
In [4], ergodic capacity and throughput of EH system are derived
for indoor channels characterized by log-normal fading while
in [5], Rayleigh fading is considered. The reference [6] considers the case where, the relay harvests energy from both the
source signal and the co-channel interference signals and then
uses that energy to forward the correctly decoded source signal
to the destination. In [6], channels are assumed to be exposed
to Rayleigh fading and both delay-limited and delay-tolerant
capacities are considered to obtain the analytical throughput
expressions. Throughput of a multiple-input multiple-output DH
system where the source communicates with the destination via
an EH relay over a Nakagami-m fading channel is studied in [7],
and both PS and TS EH modes are considered. In [8], for an
DH-EH-AF relaying system, the outage and ergodic capacities are
obtained and an adaptive receiver structure is introduced.
In [9–11], the performance of two-way (TW) EH relaying systems is investigated. In [9], a TW-AF EH system is studied where
the power allocation problem is solved to maximize the energy
efficiency under some system parameter constraints. Theoretical
analysis is performed for PS EH mode under Rayleigh fading.
In [10], a TW-AF relaying network, in which relay applies TS
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EH mode to harvest RF energy coming from both sources, is
analyzed. In [11], the outage probability and ergodic capacity of
TW-AF relaying system are studied when links between nodes
are exposed to Nakagami-m fading. TS mode is considered in [11]
where the two sources are equipped with multiple antennas and
the relay is equipped with only one antenna.
As an application of EH to cooperative relaying systems, in
which a direct link is available between the source and the destination, the outage performance optimization for Rayleigh fading
channels is provided in [12]. In [13], PS operational mode and antenna selection are jointly applied to a multiple-antenna powerconstraint relay in an AF system to maximize the achievable
rate.
In all of these studies, the outage analysis is preferred to evaluate the performance of the considered EH systems. Different from
these works, in [14–16], the bit error performance of the system
with an EH relay, is studied. In [14], the mixture of modulations
approach for TS harvesting mode is introduced to maintain the
spectral efficiency at a fixed value for all values of the TS mode
parameter α . The system bit error probability (BEP) performance
is obtained for an AF relay. In [15], a non-coherent multi-hop EH
system is investigated, in which the relays forwards the signal
to the next node. Furthermore, symbol error probability (SEP) is
obtained for PS, TS modes and theoretical SEP results supports
M-ary non-coherent frequency-shift keying (FSK) and differential
phase-shift keying (DPSK) modulations. The BEP of DH-EH system
for both AF and DF relaying is investigated in [16] for PS, TS and
ideal operational modes, in which it is assumed that all links are
exposed to Nakagami-m fading channel.
When multiple antennas are employed at all nodes, the harvested energy at relay and the received SNR at both relay and
destination will be increased. Namely, more power will be harvested from S at R, which results as a more transmit power
at the relay and subsequently more received SNR for the link
R→D. Moreover, multiple antennas at the destination will also
increase the received SNR for the link R→D. As a result, the BER
performance of the whole system will be significantly increased.
However, the case of multiple antennas is beyond the scope of
this paper and can be considered as a future work.
1.2. Motivation and contribution
The majority of the works on EH systems have dealt with the
outage performance [3–13], while only a small number of papers
have studied the bit error rate (BER) performance as in [14,15],
where except [16], Rayleigh fading is considered in aforementioned cases. To the best of our knowledge, the performance of
EH cooperative AF relaying system for a coherent modulation
subject to Nakagami-m fading has not been investigated yet.
Motivated by this, we propose a unified BEP analysis for the EH
cooperative AF system using the coherent M-PSK and M-QAM
in Nakagami-m fading channels. The main contributions of this
paper are summarized as follows.

• The analytical BEP of a three-node (source–relay–
destination) cooperative relaying network, where an AF
relay harvests energy from the RF source signal, is obtained.
• A unified cumulative distribution function (CDF) of signalto-noise ratio (SNR) at the destination is derived and then
used to obtain the closed-form BEP expression for PS, TS and
ideal EH operational modes and further used to provide the
performance results for both M-PSK and M-QAM schemes.
• The results are provided for a fixed spectral efficiency value
of R = 1 bits/s/Hz and the maximum ratio combining (MRC)
technique is applied at the destination for the incoming
signals from the source and the relay.

Fig. 1. Considered EH cooperative AF relay network.

• Simulation and theoretical results are obtained for different
system parameters. By using a power constraint relay, the
obtained diversity gains are evaluated.
• The impact of PS and TS factors on the BER performance of
the considered system is investigated.
• For PS, TS and ideal modes, our results show that positioning
the relay in the middle of the source and destination yields
the optimum BER performance.
• The impact of energy conversion factor on the BER performance is evaluated. It is shown that higher the energy
conversion factor, the better is the BER performance.
In this paper, it is assumed that all nodes are equipped by one
antenna and all links are exposed to Nakagami-m fading. NonEH direct and non-EH cooperative AF transmission networks are
considered as reference schemes for comparison purposes.
1.3. Organization
The remainder of the paper is follows as: System model is
given in Section 2. Unified BEP analysis is performed in Section 3.
Section 4 deals with theoretical and computer simulation results
and finally Section 5 concludes the paper.
2. System model
The considered cooperative relaying network consists of a
source (S) communicating with a destination (D) over a direct
link and an EH-AF relay (R) as shown in Fig. 1. The source and
the destination have consistent power supplies while the relay
harvests energy and processes information from the incoming
signal from the source. PS, TS and ideal operational modes are
considered at the relay for EH. The envelope of the channel fading
coefficients of the links S→D, S→R and R→D are assumed as
Nakagami-m distributed random variables, denoted by w , h and
g {with }
Nakagami-m
mw , m{h and} mg , as well as Ωw =
{ parameters
}
E |w|2 , Ωh = E |h|2 and Ωg = E |g |2 , respectively. In our
system model, it is assumed that the CSI is perfectly known at
all receivers. Note that the BER performances will dramatically
degrade when the CSI is not known at the receivers.
{ } s is the
transmitted data symbol from the source where E |s|2 = 1. ni ,
i ∈ {sd, sr , rd} represent complex additive white Gaussian noise
(AWGN) samples distributed as N (0, σi2 ) per dimension where
2σi2 = N0 . Furthermore, dsd , dsr and drd stand for distances of the
links S→D, S→R and R→D, respectively. In order to maintain the
path-loss smaller than one for the distances smaller than unity,
we adopt a bounded path-loss model as in [17]. Consequently,
ξ
the path-loss is taken as Li = 1/(1 + di ), where i ∈ {sd, sr , rd}
and ξ is the path loss coefficient, which guarantees that Li is
always smaller than one. Pt , Ps and Pr are the total, source and
relay transmit powers, respectively. As shown in Fig. 2, the overall
transmission of T seconds concerns two signaling intervals. At the
first interval, the transmitted signal from the source is received at
the destination from the direct link, meanwhile, it is also received
by the relay from which it harvests energy and processes the
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Fig. 2. Time schedule for (a) PS, (b) TS and (c) Ideal operational modes.

source information. Then, at the second signaling interval, the
normalized received signal is amplified and forwarded to the
destination by the relay using the total harvested energy. Finally,
the destination applies MRC to the received signals to decode the
source information. The received signals at the destination from
the direct link and the relay are given by
ysd =

√

Ps Lsd w s + nsd

(1)

√

(Pr Lrd /G)ysr g + nrd

(2)

and
yrd =

respectively, where G is the normalization power factor taking
different values for the studied three different EH operational
modes and ysr is the received signal for information processing
at the relay node. For EH at the relay, PS, TS and ideal operational
modes are considered in the sequel.

2.0.3. Ideal EH-AF operational mode
For the ideal operational mode, in the first signaling interval of
T /2 seconds, the received signals
√ at the destination and the relay
are given as in (1) and ysr = Ps Lsr hs + nsr , respectively. Furthermore, the amount of harvested energy is EH = ηPs Lsr |h|2 (T /2).
Considering the total power of PS case, we have Ps = 2Pt . In the
next interval of T /2 seconds, the received signal at the relay is
normalized, amplified and forwarded to the destination where
it is received as in (2), with G = Ps |h|2 Lsr + σsr2 and Pr =
2EH /T = ηPs Lsr |h|2 . Substituting in (2), the received signal at the
destination is given as
yrd =

√
η|h|2 Lsr Lrd
N

where N =

√

√
Ps hgs +

ηPs |h|2 Lrd
N

gnsr + nrd

(6)

Ps |h|2 + σsr2 /Lsr .

3. Bit error probability analysis
2.0.1. PS EH-AF operational mode
For PS, the power proportion for the relay to harvest energy
and to process the source signal is taken as ρ . At the first signaling
interval of T /2 seconds, the received signal at the relay for IP is
given by
ysr =

√

(1 − ρ )Ps Lsr hs + nsr .

(3)

The harvested energy is calculated as EH = ηρ Ps Lsr |h|2 (T /2)
where 0 < η ⩽ 1 is the energy conversion factor [2]. Considering
the total power-constraint of Pt for the system and the energy
constraint of Pt T = Ps T /2, we have Ps = 2Pt , Pr = EH /(T /2) =
ηρ Ps Lsr |h|2 and G = Ps |h|2 (1 − ρ )Lsr + σsr2 . Substituting in (2), the
received signal from link R→D, during the second interval of T /2
seconds, is written as
yrd =

√
η|h|2 JLsr Lrd
N

where N =

Ps hgs +

√
ηPs |h|2 ρ Lrd
N

√

gnsr + nrd

Ps |h|2 (1 − ρ ) + σsr2 /Lsr and J =

√

(4)

ρ (1 − ρ ).

yrd =

J η|h|2 Lsr Lrd

where N =

N

√

√
Ps hgs +

J ηPs |h|2 Lrd
N

gnsr + nrd

Ps |h|2 + σsr2 /Lsr and J = 2α/(1 − α ).

Z =X +Y

(7)

where Z , X and Y stand for γAF , γsd and γsrd for clarity of presen2
tation, respectively. Here, γsd = Ps Lsd |w|2 /σsd
is the SNR for the
link S→D and it is calculated from (1) in which CDF of γsd is given
in [18, 2.3-24] as
FX (x) = 1 − exp(−

mw
F Ωw

mw −1

x)

∑ 1 mw
(
x)l
l! F Ωw

(8)

l=0

2
where F = Ps Lsd /σsd
. Moreover, a unified SNR for the link
S→R→D is calculated from the received signals in (4), (5) and
(6) as

Y =

2.0.2. TS EH-AF operational mode
For TS, the first and second signaling intervals are of durations
α T + (1 − α T )/2 and (1 − α T )/2 seconds, respectively. At the first
signaling interval, α T and (1 − α T )/2 seconds are designated for
EH and IP at the relay, respectively.
The received signal for IP at
√
the relay is given by ysr = Ps Lsr hs + nsr . The harvested energy is
calculated as EH = ηPs Lsr |h|2 α T . At the second signaling interval,
the received signal from link R→D is given by (2) where Pr =
2EH /(1 − α )T = η(2α/(1 − α ))Ps Lsr |h|2 and G = Ps |h|2 Lsr + σsr2 .
Assuming that a total power of Pt is consumed in T seconds, the
energy constraint for TS is given as Pt T = Ps α T + Ps (1 − α )T /2,
where after simplifying Ps = 2Pt /(1 + α ) is obtained. Substituting
in (2), the received signal at the destination is given as

√

In this section, we provide a unified approach for the BEP
calculation of the AF relaying-aided cooperative EH system. For
the cooperative AF relaying system, the SNR at the destination
node can be written as

A|h|4 |g |2

(9)

2

B|h| |g |2 + C |h|2 + D

where the constants A, B, C and D are defined for each specific EH
operational mode. For PS case, A = ηρ Ps2 (1 − ρ ), B = ηρ Ps σsr2 /Lsr
2
and C = (1 − ρ )Ps σrd
/Lsr Lrd . For TS case, A = η2α Ps2 /(1 − α ),
2
2
B = η2α Ps σsr /Lsr (1 − α ) and C = Ps σrd
/Lsr Lrd . For the ideal
2
case, A = ηPs2 , B = ηPs σsr2 /Lsr and C = Ps σrd
/Lsr Lrd . Finally,
2 2
D = σsr σrd /Lsr Lrd and it is the same for all operational modes.
The CDF of Y at high SNR, where D ≃ 0, is calculated in [16] as

( √ )

FY (y) = 1 − ε exp(−µy)yβ Kν 2δ

y .

(10)

where Kν (·) represents the ν th-order modified
function of
∑Bessel
mh −1 ∑k
2
the second kind [19, 8.407] and ε = Γ (m
k=0
i=0 T (k, i),
)
g

µ = mh B/Ωh A, ν = mg − i, δ =
(mg − i + 2k)/2. Here,

(5)
T (k, i) =

1
(k − i)!i!

(

mh

Ωh A

)β (

Cmg

Ωg

mh mg C /Ωh Ωg A and β =

√

) mg2+i

Bk−i .

(11)
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Finally, substituting (19), (21) for i = 1 and 2 in (16), and then
(16) in (14), the CDF of Z in (7) is obtained as follows

3.1. CDF calculation of Z
In this subsection, we evaluate the CDF of Z to obtain the SEP
of the system. CDF of Z in (7) is expressed as [20, Chap. 6]
FZ (z) = P(X + Y < z) =

∫

z

fY (y)FX (z − y)dy.

(12)

y=0

where fY (y) and FX (x) are the probability density function (PDF)
of random variable (r.v.) Y and CDF of r.v X , respectively. Substituting FX (x) from (8) in (12), simplifying and using binomial
expansion [19, 1.111], we have

fY (y) exp [(mw /F Ωw )y] yj dy

×

(13)

y=0

where θ =

∑mw −1 1 mw l
∑l (l)
(
) and φ = (−1)l j=0 j . Using the
l=0
l ! F Ωw

integration by parts, (13) can be expressed as
FZ (z) = U1 − U2 + U3

(14)

where U1 = FY (z), U2 = θφ (−1)
l−j (−zmw /F Ωw ) l−j

U3 = θφ (−1)

e

z

[

l−j l

z FY (z),

mw
F Ωw

]

R1 + jR2 .

√ ∫ ∞ −bz
e
PSER = √
√ FZ (z)dz
2 π 0
z
√ [
mw −1
∑ 1 mw
a b
(
)l (−1)l
= √ V1 −
l! F Ωw
2 π
l=0
]
l ( )
∑
l
×
(−1)l−j (V2 + W1 − W2 )
a b

FY (y)e(ymw /F Ωw ) yτ dy

(15)

∞

∫
Vi =

where i ∈ {1, 2} and τ = j and j − 1 for i = 1 and 2, respectively.
Substituting (10) in (15), we have
Ri = Ei1 − Ei2

(16)

e−bz

√ z ω FY (z)dz

where

where i ∈ {1, 2} and ω = 0 and l for i = 1 and 2, respectively,
and
∞ −bz

∫

e

√ e(−zmw /F Ωw ) z l−j

e(ymw /F Ωw ) yτ dy

(17)

(

mw
F Ωw

z

0

z

(24)

z

0

Wi =

Ei1 =

(23)

j

where a and b are modulation specific constants [23, (35)]. Here,
FZ (z) is given in (22) and V1 , V2 , W1 and W2 are given as

y=0

∫

The SEP for the cooperative AF relaying system can be given
from [23] as

j=0

Here,
Ri =

(22)

z

∫

z

l ( )
∑ 1 mw
∑
l
(−1)l−j
(
)l (−1)l
j
l! F Ωw
l=0
j=0
(
[(
)
m
w
l
(−zmw /F Ωw ) l−j
× z FY (z) + e
z
E11 + jE21
F Ωw
(
)])
mw
E12 + jE22
.
−
F Ωw

3.2. BEP calculation

FZ (z) = FY (z) − θ φ exp [z(−mw /F Ωw )] (−z)l−j

∫

mw −1

FZ (z) = FY (z) −

)
E1i + jE2i

dz

(25)

for i ∈ {1, 2}.

y=0

and
Ei2 = ε

∫

z

exp(y(−µ +
y=0

mw
F Ωw

( √ )
))yβ+τ Kv 2δ y dy.

3.2.1. Calculation of V1 and V2
Using (24) we obtain,
(18)

Γ (τ + 1, −zmw /F Ωw )
Γ (τ + 1, 0)
−
.
(−mw /F Ωw )τ +1
(−mw /F Ωw )τ +1

y=0

v/2,−v/2

(19)

(26)

z

In (26), using [19, (3.381)],
∞

∫
Vi1 =

e−bz

√ z ω dz =
z

0

1
b(ω+0.5)

Γ (ω + 0.5)

(27)

and
∞

∫
Vi2 =

e−bz

( √ )
√ z ω exp(−µy)yβ Kv 2δ y dz .

0

(28)

z

Considering the integral variable z = ξ 2 , Θ = µ + b, ϖ =
β − 0.5 + ω, Υ = 2δ and using [19, (6.631-3)] we have

)
dy.

(20)

∞
ε∑ 1
mw p p+β+τ +1
Ei2 =
(−µ +
) z
2
p!
F Ωw
p=0
( ⏐
)
⏐1−(p+β+τ +1)
2,1
2 ⏐
× G1,3 δ z ⏐
.

Vi2 =Θ −0.5∆ Υ −1 Γ

(

Υ2
8Θ

)

(

Using [22, (4.264)], (20) can be rewritten as

v/2,−v/2,−(p+β+τ +1)

√ z ω Fy (z)dz = Vi1 − ε Vi2 .

0

where Γ (·, ·) is the incomplete gamma function [19, 8.350]. In
order to solve the integral in (18), we use the series expansion of
exp(·) function [19, (1.211-1)] and express Kv (·) as a Meijer’s G
function [21, (14)]; which yields
∞
ε∑ 1
mw p
Ei2 =
(−µ +
)
2
p!
F Ωw
p=0
( ⏐
∫ z
⏐−
p+β+τ 2,0
×
y
G0,2 δ 2 y⏐⏐

e

Vi =

Using [19, (2.33-10)] in (17), we obtain,
Ei1 =

∞ −bz

∫

× exp

(21)

1+ν+∆

)

2

(
W−0.5∆,0.5ν

Γ

(

Υ2
4Θ

1−ν+∆

)

2

)
(29)

where ∆ = 2ϖ + 1, Γ (·) and W·,· (·) are the gamma and Whittaker functions given in [19, 8.310] and [19, 9.220], respectively.
Moreover, ν and β are defined in [16]. Finally, substituting (27)
and (29) for i = 1 and 2 in (26), we obtain V1 and V2 and then
substitute them in (23).
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high SNR, BEP can be expressed as

3.2.2. Calculation of W1
From (25), W1 can be expressed as
mw

W1 =

F Ωw

PBER ≃ PSER /k

Q1 + jQ2

(30)

where

(38)

where k = log2 M, M being the modulation order.
4. Performance evaluation

∞

∫
Qi =

e−bz

√ e(−zmw /F Ωw ) z l−j Ei1 dz

(31)

z

0

for i ∈ {1, 2}. Substituting (19) for i = 1 and 2 in (31), simplifying
and using [19, (3.381-4)] and [19, (6.445-1)], we obtain
mw −(l−j+0.5)
Γ (κ + 1)
(b +
)
κ+
1
(−mw /F Ωw )
F Ωw
Γ (l − j + 1.5 + κ )
× Γ (l − j + 0.5) −
(l − j + 0.5)bl−j+1.5+κ
(
b+
× 2 F1 1, l − j + 1.5 + κ; l − j + 1.5;

Qi =

mw
F Ωw

)

b

(32)

where for i = 1 and 2, we replace κ = j and κ = j − 1,
respectively.
3.2.3. Calculation of W2
From (25), W2 can be written as
W2 =

mw
F Ωw

N1 + jN2

(33)

where
∞

∫
Ni =

e−bz

√ e(−zmw /F Ωw ) z l−j Ei2 dz

(34)

z

0

for i ∈ {1, 2}. Substituting (21) for i = 1 and 2 in (34), we obtain

∫
∞
ε∑ 1
mw p ∞ (−z(b+mw /F Ωw ))
e
Ni =
(−µ +
)
2
p!
F Ωw
0
p=0
( ⏐
)
⏐1−(p+β+ζ +1)
l−j+p+β+ζ +0.5 2,1
2 ⏐
×z
G1,3 δ z ⏐
dz .

(35)

v/2,−v/2,−(p+β+ζ +1)

where i ∈ {1, 2} and ζ = j and j−1 for i = 1 and 2, respectively. In
order to calculate the integral in (35), we express exp(·) function
as a Meijer’G function [22, (4.264)] and using [19, (9.31-1)], (35)
can be rewritten as
Ni =
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∞
ε∑ 1
mw p
(−µ +
)
2
p!
F Ωw
p=0
(
∫ ∞

z

×

l−j+p+β+ζ +0.5

0

1,1
G1,2

⏐ )

0
mw ⏐
z(b +
)⏐⏐
F Ωw 0,0

⎛

⎞

⏐1−(p+β+ζ +1)
⏐
2 ,1 ⎝ 2 ⏐
× G1,3 δ z ⏐ v v
2

,−

2

,−(p+β+ζ +1)

⎠ dz .

(36)

Using [21, (21)], (36) can be obtained as:
∞
ε∑ 1
mw p
(−µ +
) (b + mw /F Ωw )−ϱi
2
p!
F Ωw
p=0
⎛
⎞
⏐1−(p+β+ζ +1),1−ϱi ,1−ϱi
2
⏐
δ
⏐
⎠
× G33,,24 ⎝
(b + mw /F Ωw ) ⏐ v ,− v ,1−ϱ ,−(p+β+ζ +1)
i

Ni =

2

(37)

2

where ϱi = l − j + p + β + ζ + 1.5. Substituting ζ = j and j − 1 for
i = 1 and 2 in (37) and then in (33), respectively, W2 is obtained.
Finally, substituting (24) for i = 1 and 2, (30) and (33) in (23),
SEP can be calculated. Using the common approximation [24] at

In this section, we verify the derived closed-form end-to-end
BEP expressions through Monte Carlo simulations for EH cooperative AF relaying system in the Nakagami-m fading channel.
Considering the obtained results, we get insights into the impact
of the considered system parameters on the BER performance.
A co-linearly located three-node (source–relay–destination) network is considered and the source to destination distance is
normalized and fixed to unity while the relay location is arbitrary.
Unless otherwise specified, we set η = 1 as in [3], dsr = 0.5
and SNR = 20 dB. The noise samples at the relay and destination
2
nodes are assumed to have equal variance as σ 2 = σsr2 = σsd
=
σrd2 and Ωw = Ωh = Ωg = 1. Moreover, we set the path-loss
exponent to ξ = 2.7 as in [25], which is valid in urban cellular
network environment. In all figures, theoretical and computer
simulation results are denoted by straight lines and markers,
respectively. The theoretical BEP of the EH cooperative AF system
is obtained by replacing (23) in (38). DH-EH [16] and non-EH
cooperative AF [26] transmission systems are considered for the
comparison purposes. In Figs. 3–6, [1 1 1], [1 2 2] and [2 2 2] stand
for the Nakagami-m channel parameters [mw mh mg ]. Also, [1 1]
and [2 2] represents [mh mg ] for the DH-EH system [16]. System
performance results are obtained for the spectral efficiency of
R = 1 bit/s/Hz for which to have a fair comparison between
the proposed and reference systems, the source power (Ps ) is
calculated considering the total energy constraint (Eh = Pt T ) of
the system in time interval T , as 2Pt /(1 +α ), 2Pt and 2Pt for TS, PS
and ideal transmission systems, respectively. Meanwhile, source
and relay powers of the non-EH cooperative AF [26] scheme are
both set to Pt . Moreover, for R = 1 bit/s/Hz, PS, ideal and non-EH
cooperative AF systems transmission apply 4-QAM. Besides, for
the TS operational mode, we consider the mixture of modulations
given in [16, Table I] to maintain the spectral efficiency fixed at
R = 1 bit/s/Hz.
For PS and ideal EH operational modes, BER should be computed over the total IP time interval, which is equal to T . However, this time interval is equal to (1 − α )T for TS. Therefore, to
evaluate the obtained results on an equal spectral efficiency basis,
we adopted the idea of mixture of modulations for TS, previously
given in [14] and generalized for different spectral efficiency
values in [16]. In TS, as α increases, EH time interval increases
against IP time interval, which itself decreases. As a result, by
increasing the value of α , we have to increase the modulation
order to ensure the same total number of transmitted bits and
to maintain the spectral efficiency of the considered three EH
operational modes at the same value.
In Fig. 3, BER curves are depicted versus SNR where for each
SNR value, the corresponding numerically obtained optimum ρ
and α values, which minimize the system BER performance, are
considered, for PS and TS, respectively. It is observed from this
figure that the simulation and theoretical curves are in perfect
match. From Fig. 3(a), at a BER value of 10−3 , we approximately
have 9, 8 and 8 dB SNR gains for PS, TS and ideal operational
modes for channel parameters [1 2 2], respectively, compared
to the DH-EH with [2 2]. Moreover, diversity gains of 1.83, 1.73
and 1.82 are obtained for the PS, TS and ideal operational modes
when the channel parameters are [1 1 1], while these values
are 2.54, 2.36 and 2.57 for [1 2 2], respectively. On the other
hand, from Fig. 3(b), at a BER value of 10−2 , SNR gains of 13, 14
and 13 dB for PS, TS and ideal cases are provided, respectively,
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Fig. 3. BER performance versus SNR for channel parameters (a) [2 2] and [1 2 2], (b) [1 1], [1 1 1] and [2 2 2].

Fig. 4. BER performance versus ρ and α for channel parameters (a) [2 2] and [1 2 2], (b) [1 1], [1 1 1] and [2 2 2].

compared to the DH-EH with [1 1], for channel parameters [1 1 1].
Also, diversity gains are 3.11, 3 and 3.38 for PS, TS and ideal
operational modes, for channel parameters [2 2 2], respectively.
Moreover, from Fig. 3(a), at a BER value of 10−4 , the non-EH
cooperative AF system outperforms PS operational mode for the
channel parameters [1 1 1] and [1 2 2] at the SNR values higher
than 18 and 12 dB, respectively. However, from Fig. 3(b), for the
case [2 2 2], PS operational mode becomes better than the non-EH
cooperative AF system. This is due to the fact that for PS mode,
the total energy of Pt T is consumed at the source during T /2
seconds, and the source power is equal to 2Pt . However, for the

non-EH cooperative AF scheme the total energy Pt T are equally
divided to the source and the relay, which both having a power
of Pt . As a result, S→D link is improved with respect to the nonEH case, moreover, the relay provides additional diversity by its
harvested energy. Note that at a BER value of 10−4 , we have 3,
5 and 2 dB SNR penalties against TS in comparison to non-EH
cooperative AF for channel parameter values [1 1 1], [1 2 2] and
[2 2 2], respectively.
In Fig. 4, BER performance curves are plotted against PS and
TS parameters, ρ and α , respectively. It can be seen from this
figure that the theoretical curves obtained from the closed-form
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Fig. 5. BER performance versus S→R distance for channel parameters (a) [2 2] and [1 2 2], (b) [1 1], [1 1 1] and [2 2 2], dsr + drd = 1.

Fig. 6. BER performance versus energy conversion factor η for channel parameters (a) [2 2] and [1 2 2], (b) [1 1], [1 1 1] and [2 2 2].

BEP expression derived above are very close to the computer
simulation curves. It is observed from Fig. 4 that for TS mode
with channel parameter values [1 1 1], [1 2 2] and [2 2 2], the
BER is minimized for the smallest value of α for which 4-QAM
is employed as in [16, Table I]. On the other hand, for PS, the
optimum ρ values minimizing the BER are 0.65, 0.63 and 0.63 for
channel parameters [1 1 1], [1 2 2] and [2 2 2], respectively. It is
also observed from Fig. 4 that for ρ or α values smaller than 0.07,
TS performance is better than PS. From Fig. 4(a) and (b), the BER
performances of PS, TS and ideal operational modes are improved
by 98.41%, 96.27% and 98.40% compared to the DH-EH with [2 2]
for [1 2 2] and by 98.57%, 97.68% and 98.57%, compared to the

DH-EH with [1 1] for [1 1 1], respectively. Moreover, it is seen
from Fig. 4(a) and (b) that non-EH cooperative AF outperforms
TS mode for the considered three channel parameter settings.
However, PS and non-EH cooperative AF have the same BER
performance for [1 1 1] and [2 2 2] except [1 2 2] for which
non-EH cooperative AF outperforms PS mode.
Remark 1. Unlike the optimum value of α , which is equal to
1/3 for TS mode in [16] where no direct link is available between
source and destination, for the studied EH cooperative AF system,
the minimum α value is optimum in terms of BER performance,
which is due to the presence of direct link. In other words, since
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there is a direct link between the source and destination, for TS
mode, less time (less α ) is needed for the relay to harvest energy.
Finally, please note that since specific α values are considered to
apply the mixture of modulations, the obtained curves in Fig. 4
are not smooth for TS case.
BER performance is evaluated against the source-to-relay distance (dsr ) in Fig. 5, for different channel parameters. In Fig. 5,
for each value of dsr , the numerically obtained optimum ρ and α
values minimizing the BER for PS and TS operational modes are
considered. From Fig. 5(a) and (b), it is seen that the optimum
dsr value minimizing the BER is nearly 0.47 for all EH operational
modes. Note also that the BER performance is highly affected by
the channel parameters. PS and non-EH cooperative AF system
have approximately the same performance for [1 1 1] and [2 2 2]
while for [1 2 2] there is a BER penalty against PS compared to the
non-EH cooperative AF system. Meanwhile, non-EH cooperative
AF outperforms TS operational mode for all channel parameter
settings.
Fig. 6 plots the BER performance of the considered EH cooperative AF system versus energy conversion factor η. As done for
the previous system parameters, for each value of η, optimum ρ
and α values minimizing the BER are numerically obtained and
considered in Fig. 6(a) and (b), for PS and TS modes, respectively.
Moreover, from Fig. 6(a) and (b) the BER performances of PS, TS
and ideal operational modes are improved by 98.41%, 96.27% and
98.40% compared to DH-EH with [2 2] for [1 2 2] and by 98.57%,
98.03% and 98.6%, compared to DH-EH with [1, 1] for [1 1 1],
respectively. It is observed that the ideal operating mode outperforms non-EH cooperative AF for η values larger than 0.5, 0.8
and 0.5 for [1 1 1], [1 2 2] and [2 2 2], respectively. Furthermore,
for η = 1, PS mode provides the same BER performance as nonEH cooperative AF system for [1 1 1] and [2 2 2] while non-EH
cooperative AF outperforms PS mode even when η = 1 for [1 2 2].
Finally, TS mode has a worse BER performance compared to PS,
ideal and non-EH cooperative AF for all values of η.
Remark 2. We finally analyze the power budget of the relay power based on the source power. Note that for PS, TS,
ideal and non-EH cooperative AF systems relay powers are Pr =
η ρ Ps Lsr |h|2 , Pr = η 2α Ps Lsr |h|2 /(1 − α ), Pr = η Ps Lsr |h|2
and Pr = Ps , respectively. On the other hand, for PS, TS, ideal
and non-EH cooperative AF systems, Ps = 2Pt , Ps = 2Pt /(1 + α ),
Ps = 2Pt and Ps = Pt , respectively. Fig. 7 plots the harvested
power Pr versus Ps . For the PS and TS cases, we assume ρ = 0.8
and α = 1/20 (obtained from [16, Table I]), respectively. Curves
for Pr are provided for dsr = 0.5 and dsr = 1. It can be seen
from Fig. 7 that the path loss has a crucial effect on the amount of
harvested power Pr . For example, for the TS case and for Ps = 10.8
dB, we have Pr = 0.3997 dB and Pr = −1.998 dB for dsr = 0.5
and dsr = 1, respectively. The same trend can be followed for the
PS and ideal cases while for the non-EH cooperative AF system
Pr = Ps .
Remark 3. Since the obtained theoretical and simulation curves
in Figs. 3–6 match considerably well with each other, the tightness of the BER expression given in (38) is verified.
Remark 4. A cooperative selective DF relaying system where the
relay is an EH node, is considered in [27]. This system has comparable results to the cooperative AF system. However, cooperative
DF EH (non-selective) is not considered since it has a worse
BER performance compared to the two other systems mentioned
above due to the error propagation. In fact, in non selective DF
relaying system, the relay always forwards the signals to the
destination without taking into account the correct detection of
the signal, which results in error propagation at the destination.

Fig. 7. Power budget of the relay versus source power.

5. Conclusion
In this paper, we have studied the bit error performance of the
EH cooperative AF relaying system. We have provided a unified
approach to the BEP analysis for PS, TS and ideal operational
modes. A closed-form BEP expression has been obtained when
all links are exposed to Nakagami-m fading. The results have
been provided for various system parameters that give a comprehensive insight into the system performance. Besides, computer
simulation results have been obtained in perfect match with theoretical results, which validate our derivations. We have shown
that the PS mode outperforms the TS mode when EH parameters
ρ and α are optimized with respect to the considered system
parameters on SNR, the relay position and energy conversion
factor.
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