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Abstract—In this work, we analyze a wireless energy harvesting decode-and-forward (DF) relaying network with beamforming
that is based on a practical non-linear energy harvesting model
over η−µ fading channels. We consider a dual-hop relaying system
having multiple antennas at the source and destination only.
The single-antenna energy constrained relay assists the source to
communicate with the destination. At the relay node, we assume a
non-linear energy harvesting receiver which limits the harvested
power level with a saturation threshold. By considering a powersplitting based relaying (PSR) protocol and a non-linear energy
harvesting receiver, we analyze the system performance in terms
of the outage probability and throughput for various antennas
combinations and for various values of the fading parameters, η
and µ. The η −µ fading model has a few particular cases, viz.,
Rayleigh, Nakagami-m, and Hoyt. These results are general and
can be reduced for different fading scenarios as well as for linear
energy harvesting relaying.
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I.

I NTRODUCTION

Wireless energy harvesting is a method by which energy is
harvested from radio frequency (RF) signals. It is a gorgeous
solution to increase the wireless network lifetime [1] and got
much interest in the last decade [1]–[13]. The RF signals can
accommodate energy and information simultaneously, hence
energy can be harvested from the RF signals and can be stored
for rechargeable devices to operate [1].
Integrating a dual-hop relaying system with wireless energy
harvesting techniques can enhance the coverage capacity and
network life-time [2], [3]. In a dual-hop wireless energy
harvesting relaying network, the relay is an energy constrained
device which harvests the energy through RF signals [4].
One of the well-known relaying methods is a decode-andforward (DF) relaying, in which relay decodes and sends the
information to the destination [2]–[4]. Several authors have
investigated the wireless energy harvesting in a DF relaying
system [2]–[5], [7]–[13] (and references therein).
In the works [2]–[4] (and their references), for the dualhop energy harvesting DF relaying networks, a linear energy
harvesting receiver was assumed. But, in reality, an energy
harvesting circuit is non-linear owing to the non-linearity of the
electronic components, i.e., inductors, capacitors, and diodes
[7]. Therefore, a non-linear energy harvesting receiver is not
a practical node and restrict the level of the harvested power.
The performance of DF energy harvesting relaying systems
with a non-linear energy harvesting receiver was studied over

conventional fading channels [7]–[13] and general κ − µ
shadowed fading channels [7].
Despite the importance of a non-linear energy harvesting
receiver in a dual-hop energy harvesting relaying system,
impact of the non-linear mode of energy harvesting receiver
over η − µ fading channels is not investigated so far.
Therefore, in this work, the effects of the non-linearity of
the energy harvesting receiver and transmit/receive beamforming on the system performance of the considered system in
η − µ fading environments is studied. A PSR protocol [4] is
assumed and the performance is evaluated for η−µ fading channels. First, in a delay-limited transmission mode, the analytical
results for the performance metrics (i.e., outage probability
and throughput) are described. Then, the performance in the
η − µ fading scenarios is evaluated for different conditions.
The η − µ fading model is a generalized fading model and
has a few particular cases, viz. Rayleigh, Nakagami-m, and
Hoyt [14]. Therefore, the general η − µ fading scenario can
be figured to some symmetric and asymmetric cases, namely,
the Rayleigh/Rayleigh, Hoyt/Hoyt, Nakagami-m/Nakagamim, and mixture of these fading links.
We sectioned our paper as: Section 2 explains the system
and channel models; in Section 3, performance metrics are
described; the distinctive cases are debated in Section 4;
the simulated results are presented in Section 5; Section 6
summarizes the paper.
II.

S YSTEM AND C HANNEL M ODELS

A. System model
Consider a half-duplex dual-hop DF relaying system with
energy harvesting where a source having multiple-antennas
(N1 ) is transmitting the information to the destination having
multiple antennas (N2 ) via a single-antenna relay. The relay
is an energy constrained device which harvests the energy
from RF signals of the source. The source and destination
have no direct link, therefore, relay uses the harvested power
to forward the source information to the destination. A PSR
protocol [4] is assumed at the relay and transmission block T is
splitted into two equal parts. During 1/T , the relay divides the
received RF signals into two portions with power splitting ratio
ρ, where ρ ∈ (0, 1), one for signal detection and the second
for energy harvesting. In the second time slot T /2, employing
the harvested power, the relay forwards the information signals
to the destination. The destination unify all signals with MRC
(maximum-ratio transmission) technique. Let h1 and h2 are
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the N1 × 1 and 1 × N1 channel vectors of the source-relay and
relay-destination, respectively.
The received signal at the relay node can be written as [7]
p
yR = Ps h†1 w1 x + na,r
(1)
h1
where w1 = ||h
[7], and Ps and x are the source
1 ||
transmit power and the normalized source information signal,
2
respectively. Further, at the relay antenna, na,r ∼ CN (0, σa,r
)
is the additive white Gaussian noise (AWGN).

The received signal at the relay yR is divided into two
portions:
Energy harvester utilizes the one of the portion
√
ρyR and
√ the information receiver utilizes the other remaining
portion 1 − ρyR . During 1/T , energy is collected by the
energy harvester with an energy conversion efficiency α as [7]
 
2 T
Eh = αρPs ||h1 ||
.
(2)
2
A non-linear energy harvesting receiver is considered that
emits a constant transmit power αPth when the input power
is beyond a saturation threshold power Pth [7]. Therefore, the
relay transmit power Pr can be [7]:


EH
2
=αρ min Ps ||h1 || , Pth
Pr =
(3)
T /2

αρPs ||h1 ||2 , Ps ||h1 ||2 ≤ Pth ,
(4)
=
αρPth , Ps ||h1 ||2 > Pth .
It is clear from (3) that if Ps ||h1 ||2 ≤ Pth then the energy
harvesting receiver operates in a linear mode otherwise it
operates as a non-linear device.

TABLE I.

S PECIAL C ASES OF THE η−µ FADING D ISTRIBUTION [14]
η
η→1
η → q2
η→0

Fading distribution
Nakagami-m
Nakagami-q or (Hoyt)
Rayleigh

µ
µ = m/2
µ = 0.25
µ = 0.5

B. The η − µ Channel model
The η−µ fading model is a general fading model and has
a few particular cases, viz., Rayleigh, Nakagami-m, and Hoyt
[14]. If any of the dual-hop link encounters η−µ fading, then
the probability density function (PDF) of the instantaneous
SNR γ` (` = 1, 2) can be expressed as [14, eq. (3)]
√
 N` µ` +0.5
` µ`
2 πhN
µ`
`
fγ` (γ) =
γ N` µ` −0.5
N` µ` −0.5 γ
Γ(N` µ` )H`
`




2µ` h`
µ` H`
× exp
γ IN` µ` −0.5 2
γ
(9)
γ`
γ`
where h` = (2 + η`−1 + η` )/4, H` = (η`−1 − η` )/4, Γ(·)
indicates the Gamma function, and η` and µ` are the fading
parameters. Additionally, γ` and Iv (·) denote the average
SNR of the `-the link and modified Bessel function of the
first kind of v-th order, respectively [14]. Particular cases of
the η − µ fading model are condensed in Table I where m
and q, respectively, symbolize the fading parameters of the
Nakagami-m and Hoyt fading distributions.

III.

P ERFORMANCE A NALYSIS

A. Outage probability analysis

A dual-hop energy harvesting DF relaying system can be
At the information
processing receiver, the second portion
p
in outage when any link (i.e., source-relay or relay-destination)
of the signal (1 − ρ)yR is given as
goes in outage. Mathematically, for the considered system, the
p
p
p
(1 − ρ)yR = (1 − ρ)Ps h†1 w1 x + (1 − ρ)na,r + nc,r . (5) outage probability can be written by [7]
Using (5), the signal-to-noise ratio (SNR) at the relay
terminal can be:
(1 − ρ)Ps ||h1 ||2
γR =
(6)
2 + σ2
(1 − ρ)σa,r
c,r

Pout = 1 − pr [min(γR , γD ) > γth ]

(10)

where γR and γD are given by (6) and (8), respectively,
and pr [ · ] indicates probability.
B. Throughput analysis

2
where nc,r ∼ CN (0, σc,r
) symbolizes the AWGN at
relay owing to RF-to-baseband transformation. Employing
harvested power, Pr , the relay sends the information to
destination is written by
p
yD = Pr h2 w2 xr + na,d + nc,d

the
the
the
(7)

h2
where w2 = ||h
[7], xr denotes the transmitted signal
2 ||
2
from the relay, and na,d ∼ CN (0, σa,d
IN2 ) and nc,d ∼
2
CN (0, σc,d IN2 ) represent the AWGNs at the destination antennas and RF-to-baseband transformation at the destination,
respectively.

The achievable throughput of the considered dual-hop
energy harvesting DF relaying system in a delay-limited transmission mode is given by [7]
1 − Pout
τ=
U.
(11)
2
Using (11), the optimal power-splitting ratio ρ∗ and the
optimal throughput τ ∗ can easily be obtained numerically with
the help of Matlab or Mathematica.
IV.

S PECIAL CASES

The η − µ fading model has a few particular cases, viz.,
Then the SNR at the destination γD from (3) and (7) is
Rayleigh,
Nakagami-m, and Hoyt. Therefore, the throughput
obtained as
and
the
outage
probability expressions for the distinctive cases

2
2
1 || ||h2 ||
2
 αρPs ||h
(i.e.,
symmetric
and asymmetric fading scenarios) can be
,
P
||h
||
≤
P
,
2
2
s
1
th
Pr ||h2 ||2
σa,d +σc,d
=
(8) acquired from (10) and (11) with special parameters. They
γD = 2
2
2
αρP
||h
||
2
th
2

σa,d + σc,d
2 +σ 2 ) , Ps ||h1 || > Pth .
are condensed in Table II with special parameters.
(σa,d
c,d
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S PECIAL C ASES FROM THE O BTAINED R ESULTS FOR η − µ
FADING C HANNELS

First hop/second hop

η1

µ1

η2

µ2

η − µ/Hoyt

η1

µ1

q22

0.5

η − µ/Nakagami-m

η1

µ1

1

m2 /2

η − µ/Rayleigh

η1

µ1

1

0.5

Hoyt/Hoyt

q12

0.5

q22

0.5

Hoyt/η − µ

q12

0.5

η2

µ2

Hoyt/Nakagami-m

q12

0.5

1

m2 /2

Hoyt/Rayeligh

q12

0.5

1

0.5

Nakagami-m/Nakagami-m

1

m1 /2

1

m2 /2

Nakagami-m/η − µ

1

m1 /2

η2

µ2

Nakagami-m/Hoyt

1

m1 /2

q22

0.5

Nakagami-m/Rayleigh

1

m1 /2

1

0.5

Rayleigh/Rayleigh

1

0.5

1

0.5

Rayleigh/η − µ

1

0.5

η2

µ2

Rayleigh/Hoyt

1

0.5

q22

0.5

Rayleigh/Nakagami-m

1

0.5

1

m2 /2

TABLE III.
Parameter
α
U
Ps

1
2
3

6
8
5

Parameter
2
2
σa,d
= σc,d
λ1 = λ2
2
2
σa,r
= σc,r

−1

10

N = 1, N = 1
1

2

N1 = 2, N2 = 1
−2

10

0

N1 = 2, N2 = 2
0.2

0.4
0.6
Power−splitting ratio

0.8

1

Fig. 1. Outage probability against power-splitting ratio for numerous antenna
arrangements when Pth = 2, η1 = η2 = 0.5, and µ1 = µ2 = 1.

S IMULATION PARAMETERS
Value
0.9
3
5W

0

10

Outage probability

TABLE II.

Value
0.04W
1W
0.04W

1.6
1.4

V.

N UMERICAL R ESULTS AND D ISCUSSION

Fig. 1 reveals the outage probability against the powersplitting ratio, ρ. As expected, growing number of antennas,
subsequently enhance the system performance. The outage
probability lessens as power-splitting ratio, ρ, enlarges from 0
to ρ∗ (i.e., an optimal-value of the power-splitting ratio when
maximum throughput is obtained), and the outage probability
enlarges as the ρ enlarges from its optimal-value to one.
Fig. 2 shows the throughput with respect to the powersplitting ratio for various saturation threshold power levels. As
can be observed, the throughput increases as the level of the
saturation threshold power Pth increases. Because enlarging
the saturation threshold power level, lessens the possibility
of saturation of the energy harvesting receiver, the energy
harvesting receiver require additional power to harvest the
energy.
In Fig. 3, we showed the outage performance versus
the power-splitting ratio for different values of the fading
parameter µ (µ1 and µ2 ). From Fig. 3, we observe that the

Throughput

1.2

In this section, through Monte-Carlo simulation, the simulation results are drawn to evaluate the performance of the
non-linear energy harvester-capable DF relaying system when
both links experience η−µ fading. To evaluate the performance
of the considered system, we have numerous choices, for
instance, optimal throughput, optimal outage probability, and
optimal power-splitting ratio for numerous variable parameters,
viz., fading parameters η and µ, energy transformation efficiency, noise variances, and antenna arrangements. In circumstances different from the considered, some set of parameters
are placed as presented in Table III.

1
0.8
0.6

P =1

0.4

Pth = 3

th

Pth = 5

0.2
0
0

0.2

0.4
0.6
Power−splitting ratio

0.8

1

Fig. 2. Throughput as a function of the power-splitting ratio for various
values of Pth when N1 = N2 = 2, µ1 = µ2 = 1, and η1 = η2 = 0.5.

fading parameter µ has a notable influence on the system
performance. It is also observe that the outage performance
is lower at the smaller values of the power-splitting ratio and
as well as at the higher values of the power-splitting ratio but
outage performance is higher at the medium values the powersplitting ratio.
Fig. 4 presents the outage performance when we vary
values of η (η1 and η2 ) and we set N1 = N2 = 1,
µ1 = µ2 = 1, and Pth = 5. We observe that the parameter
η has a significant relation with the system performance. It is
seen that the system achieves better performance when η1 > η2
and the overall performance also increases with increasing the
values of the fading parameter η.
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