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Abstract. This paper presents the analysis of the scenario where a relay node is used to 
enable communication between a source and an Internet of Things (IoT) edge node. The 
position of the relay is set to provide line-of-sight communication between the source and 
the relay node while communication in the relay-IoT edge link is still jeopardized by 
obstacles. As the relay node is energy limited, it is powered by RF energy from the source 
based on a time-switching protocol. Assuming that the energy harvester is a nonlinear 
device, the impact of nonlinearity, channel and system parameters on outage system 
performance is investigated and discussed. 
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1. INTRODUCTION 

The rapid growth of devices that are used in everyday life to improve its quality (in the 
concepts such as smart home, smart grid, smart city...) has led to the increased energy 
consumption [1]. On the other hand, numerous Internet of Things (IoT) devices used for 
monitoring environmental parameters or monitoring in industry require efficient power in 
order to enable high energy efficiency and alleviate potential environmental problems [2]. 
The usage of technologies for energy harvesting from various natural energy sources such 
as solar, thermal or wind power, can lead to a prolonged battery lifetime. These power 
supply techniques are environmentally friendly, but represent time-varying power sources, 
dependent on the weather conditions [3]. 

The usage of radio frequency (RF) signals, which can be employed to transfer both 
information and energy, is one of the most effective methods for powering wireless devices 
[3, 4]. RF waves are constantly present in most of environments and therefore they provide 
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a stable and efficient solution for supplying energy to low-power devices [2-7]. The 
technique of simultaneous wireless transfer of information and power (SWIPT) can be 
applied in an IoT network for both relay and sensor nodes, providing coverage of large 
areas and enabling the same quality of service for all nodes. In order to achieve required 
high data rates, as well as to mitigate wireless channel impairments, the additional (relay) 
node between the source and the destination node may be used. Those schemes are well-
known as a cooperative relay scheme [6-7]. 

The analysis of the SWIPT concept is given in [8], while the practical receiver design 
for concurrent transfer of information and energy is considered in [9]. The protocols for 
the transmission of information and energy signals in a cooperative relay network are 
proposed in [10]: time-switching relaying (TSR) protocol and power-splitting relaying 
(PSR) protocol. In the TSR-based scheme, one part of time is used to harvest energy at the 
relay, while the rest of it is dedicated to decoding and transmission. On the other hand, in 
the PSR-based receiver architecture, one part of received power is utilized for harvesting, 
while the remaining power is used for signal processing [10]. Cooperative relaying systems 
with the application of SWIPT for both TSR and PSR protocols in Rayleigh and Nakagami-
m fading environment are analyzed in [11] and [12], respectively. The impact of the line-
of-sight (LoS) component in the amplify-and-forward SWIPT relaying system is analyzed 
in [13], while the analysis of the decode-and-forward system is provided in [14]. The 
system performance analyses for both TSR and PSR protocols in the Generalized-K fading 
environment is presented in [15]. 

The linear energy harvester model was considered in all previously mentioned papers. 
Although this approach is useful, it has been observed that practical harvesters suffer from 
nonlinear behavior because of the nonlinearities of the electrical components [16,17]. The 
analysis of a network with a nonlinear harvester in the Nakagami-m fading environment is 
presented in [18] and [19]. In this paper we provide outage performance analysis of the 
relaying system with the nonlinear energy harvester in the environment where the LoS 
component exists between the source and the relay node, while the link between the relay 
and the IoT edge node is suffering from both fading and shadowing due to many obstacles. 
This paper analyzes the application of RF energy harvesting technology in cooperative 
wireless IoT networks, combining high reliability and spectral efficiency offered by 
cooperative transmission, with modern energy-efficient and flexible solutions for powering 
devices. 

 

2. SYSTEM AND CHANNEL MODEL 

We assume that the direct link between the source node and the IoT edge node is not 
available due to obstacles as shown in Fig. 1. In order to establish the source-IoT node 
connection, the position of the relay node is determined such as the LoS between the source 
and the relay node exists. The source node transmits an information signal, while the relay 
decodes and forwards it to the IoT edge node. The relay node does not have its own power 
supply and it harvests RF energy from a source based on the time-switching scheme. The 
piece-wise nonlinear model of energy harvesting is used due to nonlinearities of energy 
harvesting circuits [20]. Therefore, the saturation effects are incorporated in our model. 
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The source node transmits the signal s with the power PS to the relay node. The signal at 
the relay node can be described as follows: 
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Fig. 1 System model. 

where hSR is the fading envelope of the source-to-relay channel, δ is the path loss exponent, 
d1 is the distance from the source to the relay node and nR is the additive white Gaussian 
noise (AWGN) component at the relay node with the power 2

Rσ . The received signal-to-
noise ratio (SNR) at the relay node is defined as 
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1 SRhγ =  is the channel power gain of the source-to-relay link and 1 2
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According to the TSR protocol [10], the first part αT ( 10 ≤≤ α ) of each time frame interval 
of duration T is utilized to harvest the energy required for relay signal transmission, which 
is equal to  

 1

1

S
H

P
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d δ

γ
η α= , (3) 

where η is the energy conversion efficiency coefficient. The rest of the time ( )Tα−1  is 
used for information transmission, which is divided into two equal parts: the first portion 
involves sending an information signal to the relay device, and the second part involves 
sending the information signal from the relay to the IoT edge device, as shown in Fig. 2.  
 



 Impact of Nonlinearity on RF Energy Harvester in IoT Relay Systems 13 

Harvesting of energy EH 
for the relay transmission, 

during αT 

Information 
transmission from the 

source to the relay,
during (1-α)T/2 

Information 
transmission from the 

relay to the destination,
during (1-α)T/2 

 
Fig. 2 TSR protocol [21] 

We apply the piece-wise nonlinear model under the assumption that the energy harvesting 
equipment is nonlinear. According to this nonlinearity model, the harvested energy is 
linearly proportional to the input power for values below the saturation threshold power, 
Pth [20]. A further increase in the input power does not lead to an additional increase of the 
output power, as the saturation effect occurs. It is assumed that the entire harvested energy 
is used for information transmission from the relay node. Therefore, the relay transmit 
power is equal [21] 
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The received signal at the IoT edge device can be expressed as 

 
2

R
D RD R D

P
y h s n

d δ= + ,  (5) 

where hRD is the fading envelope of the relay-to-IoT channel, d2 is the distance from the 
relay to the IoT node and nD is the AWGN component at the IoT node with the power 2

Dσ

. Denoting the channel power gain of the relay-to-IoT node link as 2
1 SRhγ = , the received 

SNR at the IoT edge node can be expressed as 
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2.1. Channel between the source and the relay node 

We assume that the relay location enables signal propagation with the LoS component 
between the source and the relay node. Under this assumption, the statistics of the signal 
envelope over the source-to-relay channel can be modelled by the Rician distribution [22]. 
The probability density function (PDF) of the instantaneous channel power gain 2

1 = SRhγ  
at the relay node is [22] 
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where K denotes the Rician K factor (equal to the ratio of the power of the LoS component 
to the average power of the scattered component), 1 1 =  Eγ γ  is the average channel 

power gain at the relay and I0(x) is the zero-th order modified Bessel function of the first 
kind [23]. 

The corresponding cumulative distribution function (CDF) is given by [22] 

 ( )
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where Q(x) is the first-order Marcum Q-function [22]. 

2.2. Channel between relay and IoT edge node 

The IoT node is in the area full of obstacles and it can be considered that in addition to 
fading in the channel, the shadowing effect occurs. The phenomenon of multipath fading 
as well as the variation of the average power (as a result of the shadowing effect) are taken 
into account, so the PDF of the relay-to-IoT node channel gain can be described by 
composite generalized K distribution 
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where mm is the multipath fading parameter, ms is the shadowing parameter, [ ]2 2= Eγ γ  is 
the average SNR and Kµ(x) is the modified Bessel function of the second kind [23]. The 
corresponding CDF is 
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 is the Meijer G-function [23]. 

3. OUTAGE ANALYSIS 

The outage probability and the outage capacity of the communication system are 
important system performance measures. In the considered IoT system with the energy 
harvesting relay node, if the received SNR at the relay or destination node is less than the 
predefined threshold, γth, the system is considered as to be in outage. In that case, the IoT 
edge node does not have the required quality of service. 
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Therefore, the probability of system outage is defined as 

 ( ) { } { }Pr Pr ,eq th out R th R th D thF Pγ γ γ γ γ γ γ= = ≤ + > ≤ , (11) 

where Pr{⋅} denotes the corresponding probability. According to equation (11) and using 
[24], the outage probability can be calculated as [21] 
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where the PDF and the CDF expressions for the channel power gain of the source-to-relay 
node link are defined by (7) and (8), respectively, and CDF for the relay-to-IoT link is 
given by (10). Substituting corresponding PDF and CDF in the form of special functions 
in (12) does not lead to the closed-form expression for outage probability. Therefore, the 
results are obtained by numerical integration and by simulation. 

In addition to the outage probability of the system, another important performance 
metric is the outage capacity. The outage capacity is defined as the maximum data rate that 
can be achieved in the channel, with the outage probability Feq(γth). The outage capacity 
is given by [25]

 
 ( )( ) ( )1 1 ln 1

2ln 2
= − +out eq th thC F γ γ .  (13) 

Based on the TSR protocol (Fig. 2), the effective time for information transfer from the 
source node to the IoT node (with the help of the relay node) during the time period of 
duration T is equal to (1−α)T and the corresponding achievable throughput is given by 

 ( )1out outT Cα= − . (14) 

4. NUMERICAL RESULTS AND DISCUSSION  

In this Section, outage performance is analyzed and numerical results are presented and 
confirmed by the independent Monte-Carlo simulation method. We analyzed the impact of 
the system and channel parameters on the outage probability and throughput, based on the 
outage capacity of the considered system with the nonlinear energy harvesting relay node. 
The simulation is done in MATLAB using 107 samples of the fading envelope for both 
links. For the source-to-relay node samples are generated to follow the Rician distribution, 
while for the relay-to-IoT node the generated samples appertain generalized K distribution. 
The system performances are evaluated by averaging over successive channel realizations. 
The system and channel parameter values used for all presented figures are the following: 
η=0.8, 2 2 0.01R Dσ σ= = mW, δ=2 and 1 2 1γ γ= = . 

In Fig. 3 the effect of the distance between the source and relay nodes on the outage 
performance is presented for various values of threshold power Pth. With the increase in 
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threshold power values, the outage probability decreases. The effect of threshold power on 
the quality of service at the IoT node is evident in the whole range of distances. However, 
when the relay is closer to the source node this impact is more significant. In the case of a 
linear harvester ( → ∞thP ), the best performance is obtained by placing the relay as close 
as possible to the source. At larger distances d1, the collected power on the relay decreases 
with the distance, so the harvester does not enter saturation range and nonlinearity does not 
have an effect on the system performance. 
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Fig. 3 Outage probability versus source-relay node distance d1 for various values of 

threshold power. 

The dependence of outage performance on the threshold power is shown in Fig. 4, for 
various values of the Rician K factor and time-switching coefficient α. For small values of 
threshold power (Pth <-5dBmW), the Rician factor K does not have a significant impact on 
the outage performance. With the increase of the factor K, the LoS component is more 
dominant, the outage probability decreases, and the outage floor appears for larger values 
of the threshold power. The saturation values of outage probability are a function of K. The 
value of the outage floor depends on the energy harvesting ratio, i.e. time-switching 
coefficient. 
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Fig. 4 Outage probability versus threshold power for various values of the Rician K 

factor and time-switching coefficient. 
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Fig. 5 The throughput Tout versus time-switching coefficient for various relay distance 

from the source, d1. 

In Fig. 5 the dependence of the throughput Tout on the time-switching coefficient α is 
presented for different threshold power values. The sum of the distances on the first and 
the second link is constant, d1+d2=5m. The source node transmits a signal with a power 
equal PS=10dBmW, while the value of the saturation threshold due to nonlinearity is 
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Pth=0dBmW. Based on the obtained results, for the considered system parameters, higher 
throughput values are obtained in the case when the distance between the relay and the IoT 
node is smaller. This phenomenon can be explained by the fact that in the case of small 
distances on the first hop, the limitation of the nonlinear device dominantly determines the 
maximum power of the relay. Also, in that case, the distance between the relay and the IoT 
node is greater, which reduces the received signal power. It can be observed that the 
optimal percentage of time dedicated to energy harvesting, which leads to the maximum 
throughput, decreases with the increase in the source-relay distance. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.0

0.2

0.4

0.6

0.8
Pth->Infinity

Pth=6 dBmW

Pth=0 dBmW

Pth=2 dBmW

 K=5dB
 K=0dB
 Simulation 

T ou
t [b

it/
s/H

z]

α 

mm=2.5, ms=3.2

d1=1m, d2=4m

γth=5 dB, PS=10 dBmW

Pth=4 dBmW

 
Fig. 6 The throughput Tout versus time-switching coefficient α, for various values of the 

Rician K factor and threshold power. 

The throughput Tout versus time-switching coefficient α is given in Fig. 6, for various 
values of the Rician K factor and threshold power, for distances d1=1m and d2=4m. In the 
case when the effect of the energy harvesting relay nonlinearity is dominant, the throughput 
is significantly reduced. The throughput can be raised by increasing the Rician K factor. 
The influence of the LoS component is greater when the threshold power is higher. The 
optimal time-switching coefficient that achieves the maximum throughput increases with 
the decrease of threshold power. 

The dependence of throughput Tout on the saturation threshold power Pth is shown in 
Fig. 7, for different fading and shadowing conditions of the relay-to-IoT channel, as well 
as for different percentage of relay charging within time frame. As the value of the 
saturation threshold increases, the performance improves, but above a certain value of Pth, 
the system achieves saturation that corresponds to the performance in the case when the 
harvester is linear. Higher values of the fading and shadowing parameters correspond to 
the better channel conditions, so the throughput also have increased values. At lower 
threshold power values, the throughput increases with the increase of time-switching 
coefficient value, which can also be seen in Fig. 6 observing the optimal time-switching 
value achieving maximum throughput. When nonlinearity of the harvester is not a limiting 
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factor, better performances are obtained with a smaller time-switching coefficient value 
due to the increase in the time dedicated to signal transmission. 
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Fig. 7 The throughput Tout versus threshold power, for various values of time-switching 

coefficient α and various values of the relay-IoT channel parameters. 

5. CONCLUSION 

Improving the energy efficiency of the IoT system is possible by applying energy 
harvesting technology, which involves collecting the existing energy from the 
environment. Apart from the natural energy sources, RF signals and existing interference 
from the RF range can also be used as energy sources, enabling simultaneous transmission 
of energy and information. For this reason, there is a great interest in the application of 
energy harvesting technology in modern concepts and networks where energy efficiency 
is a major challenge, such as IoT and 5G networks.  

In this paper we analyzed an IoT system where the relay node was supplied by RF 
energy from the source node and establishes information transfer from the source to the 
IoT edge node. The relay position was determined such that LoS was provided between the 
source and the relay nodes, and the channel gain was modeled by the Rician distribution. 
The relay-IoT edge node link was influenced by the simultaneous existence of multipath 
fading and shadowing effects, which were modeled by the Generalized-K distribution. The 
analytical and simulation numerical results were obtained for the outage performance 
metrics and the excellent agreement between results was obtained by using both of the 
observed approaches. The impact of nonlinearity in the energy harvester, system and 
channel parameters on the system performances was discussed. We also examined the 
influence of the relay position as well as the charging time on the throughput and outage 
probability. 
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