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ABSTRACT 

Due to their adaptability, mobility, and capacity to offer an ideal channel, unmanned aerial 
vehicles (UAVs) have become a potential option for wireless power transfer and data collection 
in wireless sensor networks (WSNs). This paper examines energy-constrained WSNs, where 
data transfer to the data center is facilitated by UAV and sensors rely on radio frequency (RF) 
energy obtained by a Power Beacon (PB). However, due to energy limitations, sensors can only 
send data using the harvested energy. We consider a WSN in which the nodes are randomly 
distributed within a circular area, with the PB placed at the center of the WSN. To evaluate the 
system performance, we consider the dynamic nature of the wireless channel, which includes 
factors such as signal reflection, scattering, and diffraction. Through numerical analysis and 
simulations, the main aim is to identify the optimal system parameters that minimize the outage 
probability. This analysis provides valuable insights for designing more effective and reliable 
energy-harvesting WSNs with UAV as data collector. By leveraging UAV in WSNs, system 
performance can be improved, ensuring data transmission to destination nodes placed at a large 
distance from the WSN.  

Index Terms - energy harvesting, wireless sensor network, power beacon, unmanned 
aerial vehicles. 

1. INTRODUCTION

Wireless sensor networks (WSNs) are utilized in various applications where remote monitoring, 
data collection, and environmental sensing are required [1]. They consist of small, autonomous 
sensor nodes deployed in a target area to gather data and transmit it to a Data Center (DC). 
These sensor nodes are typically equipped with sensing capabilities, data processing units, and 
wireless communication modules. One of the critical challenges in WSNs is the limited lifespan 
of the sensor nodes due to their reliance on battery power. To address this issue, energy 
harvesting techniques are employed to supply power to the sensor nodes. Energy harvesting 
allows the nodes to gather energy from the environment, such as solar radiation, thermal 
gradients, vibrations, or Radio Frequency (RF) electromagnetic signals [2]. The use of energy 
harvesting in WSNs not only prolongs the network's lifetime but also reduces maintenance costs 
and enables deployment in remote or inaccessible areas. One significant advantage of RF 
energy harvesting in WSNs is the ability to simultaneously transfer both information and 
energy, known as simultaneous wireless information and power transfer (SWIPT). This allows 
the sensor nodes to harvest energy from the environment while receiving data or instructions 
from the base station or other network nodes. SWIPT enables a more efficient and sustainable 
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operation of the network by reducing reliance on traditional power sources and enabling 
continuous data transmission. The integration of alternative energy sources and SWIPT 
capabilities in WSNs offers numerous advantages. It enhances the sustainability of the network 
by reducing the need for frequent battery replacements or recharging [3]. In papers [4] and [5] 
quality-of-service (QoS) in energy-harvesting WSN is investigated. In [4], a new algorithm is 
proposed for generating energy-efficient schedules for wireless networks with energy 
harvesting. The algorithm demonstrates low complexity and optimality, leading to improved 
QoS and larger effective transmit regions compared to existing alternatives. Paper [5] discusses 
techniques for ensuring QoS in energy-harvesting WSN and the design of EH-powered 
transmitters. Papers [6-8] focus on the integration of wireless power transfer (WPT) 
technologies into networks. These studies investigate various aspects, including techniques for 
wireless rechargeable sensor networks. In [6], the challenges of energy replenishment and 
consumption in WSNs are addressed, while optimal charging strategies to maximize lifetime 
considering energy transfer efficiency and data transmission reliability are presented in [7]. 
Optimal time allocation for SWIPT systems, aiming to optimize system performance by 
balancing information transmission and energy harvesting, is discussed in [8]. The utilization 
of SWIPT in hierarchical WSNs is investigated in [9]. The study explores the application of a 
power beacon (PB) that can provide energy to sensor nodes and also serve as a power source 
for access points in cellular networks, as demonstrated in [10]. 
 
The past decade has witnessed significant advancements in unmanned aerial vehicle (UAV) 
technology, opening up possibilities for various applications such as inspections [11], 
agriculture [12], surveillance [13] and damage assessment, among others. Furthermore, the use 
of UAVs has gained considerable attention due to their ability to provide optimal channels for 
wireless power transfer and data collection. In [14] and [15], authors discuss the concept of 
WPT and data collection using UAVs, presenting an overview of the challenges and 
opportunities in this area. In the context of UAV-assisted IoT coverage in disasters, Wang et al. 
[16] propose a transceiver design and multihop device-to-device (D2D) communication scheme 
for UAVs, investigating the communication coverage and connectivity aspects of UAVs in 
disaster scenarios. Bithas et al. [17] study the channel modeling for UAV-to-ground nodes, 
considering various fading and shadowing effects. The outage performance of UAV-assisted 
relaying systems with RF energy harvesting is analyzed in [18]. The authors investigate the 
outage probability of UAV-based relaying systems employing RF energy harvesting 
techniques. Sharma et al. [19] studied the outage probability of UAVs in hybrid satellite-
terrestrial networks, deriving the system performance under different environmental 
parameters. The wireless battery recharging from UAV in WSN under lognormal-Nakagami-m 
fading channels is investigated in [20]. Tran et al. [21] focus on UAV relay-assisted emergency 
communications in IoT networks, addressing resource allocation and trajectory optimization to 
maximize the number of IoT devices covered. Singh et al. [22] analyze the outage probability 
and throughput performance of UAV-assisted rate-splitting multiple access systems. 
 
The security aspect of UAV IoT communication systems against randomly located 
eavesdroppers is analyzed in [23]. Lei et al. investigate various techniques to safeguard UAV 
IoT communication systems, considering different propagation environments and security 
threats. In the paper [24], authors discuss the employment of UAVs for analyzing and mitigating 
disaster risks in industrial sites, highlighting the potential benefits and challenges associated 
with the deployment of UAVs in various scenarios. A survey on machine learning techniques 
for UAV-based communications is provided in [25]. The authors consider various machine 
learning approaches and their applications in UAV communication systems, exploring the 
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potential of machine learning techniques in enhancing the performance and efficiency of UAV-
based communications. 
 
In this paper, we analyze an energy-constrained WSN with the PB utilized for supplying energy 
to sensors. Sensors harvest RF energy from the PB and further transmit data to the UAV. Energy 
harvesting and data transmission is performed using the Time-Switching (TS) protocol. The 
UAV is employed to collect sensor data and forward it to the DC. We assume that the sensor 
nodes are uniformly randomly positioned within a circle of a certain radius. Assuming the 
random position of sensors, the analytical expression for the system outage probability is 
derived and numerical results are presented. The numerical results are validated through 
simulation. The objective of this study is to provide valuable insights into the design and 
performance of UAV-assisted energy-constrained WSN systems with randomly located 
sensors. 
 

2. SYSTEM AND CHANNEL MODEL  
 
The system configuration examined in this study consists of a PB, sensors without a 
conventional power supply, a UAV, and a DC, as shown in Fig. 1. The PB supplies energy to 
the sensors, which have limited battery power. The sensors utilize the harvested energy to 
transmit data to the UAV. The sensors are randomly positioned within an area with a radius R. 
The UAV acts as data collector, aiming to relay the collected information to the DC.  
 

 
Figure 1. System model with UAV based data collector 

 
The PB is strategically positioned to cover a specific area with a radius of R. The sensor 
locations are uniformly distributed on the surface of a circle, and the distance d1 between the 
PB and sensors is a random variable. Additionally, considering the height H at which the UAV 
flies, the distance between the sensors and the UAV can be determined using 2 2

2 1d d H= + , 
resulting in another random variable due to its relationship with d1. The distance between the 
UAV and the DC is denoted as d3. 
 
The sensors harvest RF energy transmitted from the PB based on the TS protocol. Within a time 
frame of duration T, the sensors harvest RF energy from the PB during the first part αT, where 
0 ≤ α < 1. The remaining time (1 − α)T is allocated for signal transmission. The transmission 
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interval is divided equally into two parts, (1 − α)T/2, for the S-UAV and UAV-DC 
transmissions, as presented in Fig. 2. 
 

 
Figure 2. EH and information transmission intervals within time frame T 

 
The total harvested energy from PB at the sensor during the time interval αT is given by  
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where PB represents the transmit power of the beacon, 1  denotes the channel power gain 
between the PB and the sensor, and η (0 < η < 1) represents the energy conversion efficiency. 
The parameter δ1 represents the path loss exponent at the distance d1. 
 
As all the harvested energy is used for information transmission to the UAV, the power is 
expressed as  
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The sensor transmits the signal s with the power PS and the received signal at the UAV has 
the form 
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where n2 is an Additive White Gaussian Noise (AWGN) with the power 2

2 , h2 denotes the 
fading envelope over the S-UAV link and δ2 represents the path loss exponent at the distance 
d2. 
 
The received signal-to-noise ratio (SNR) at the UAV can be express as  
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where 2  represents the channel power gain of the S-UAV link, 2

2 2h = . 
 
Further, combining eq. (4) with eq. (2), the received SNR at the UAV can be represented as 
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The UAV functions as a DF relay, decoding and re-encoding the signal before forwarding it 
to the DC with a transmit power PUAV. Consequently, the received signal at the DC is given by 
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where δ3 represents the path loss exponent at the distance d3. 
 
Therefore, the instantaneous SNR at the destination (DC) takes the form 
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In order to describe the propagation environment in the WSN and between the UAV and the 
ground nodes (S and DC), the channel envelopes are modeled by Nakagami-m distribution. 
This distribution provides an excellent fit for various environmental scenarios. The 
corresponding channel gains γi, i=1, 2, 3 are considered to be subject to the Gamma distribution 
with the probability density function (PDF) given by  
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where () denotes gamma function [26, eq. (8.310.1)],  i i=   , i=1, 2, 3 and mi, i=1, 2, 3 
represents the fading parameter for the corresponding link. 
 

3. OUTAGE PERFORMANCE ANALYSIS  
 
The outage probability is an important system performance measure. In the considered system, 
where the UAV decodes and forwards collected data to the destination (DC), an outage occurs 
if the received SNR at the UAV or DC falls below a predetermined threshold, γth, which is 
determined by the required user's QoS [27]. 
 
The conditional outage probability regarding to distance d1 is defined as  
 
 ( ) ( ) ( ) ( ) ( )1 1 1Pr Pr - Pr Prout th UAV th D th UAV th D thP d d d        =  +    , (9) 
 
where Pr{⋅} denotes the corresponding probability. 
 
The expression in (9) can be rewritten as  
 
 ( ) ( ) ( ) ( ) ( )1 1 1-out th UAV th D th UAV th D thP d F d F F d F    = + ,  (10) 
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where ( )1UAV thF d  denotes cumulative density function (CDF) conditional to d1 and ( )D thF   
is CDF obtained using [27] and [28] is 
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where (,) denotes incomplete gamma function [26, eq. (8.350.2)]. 
 
For the observed system and a certain fixed position of the S, the PDF of the current SNR at 
the UAV, defined by (5), can be calculated by combining equations [28, eqs. (7-46) and (5-7)] 
and using [26, eq. (3.471.9)]. The PDF represents the generalized K distribution [29] and can 
be expressed in the following form 
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where ( )K   is the -th order modified Bessel function of the second kind [26, eq.(8.432.3)]. 
Assuming that the WSN area represents a circle with a radius R and the PB is positioned at the 
origin of the circle, the PB-S distance d1 is uniformly distributed according to the distribution 
[19] presented in  
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The corresponding CDF can be determined as shown in 
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By averaging the previous equation over the variable d1 using the distribution provided in (13), 
it is obtained:  
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The integral in the previous expression cannot be solved in the exact closed-form due to the 
involvement of the special functions and the finite integration limits. 
 



© 2023 by the authors. – Licensee Technische Universität Ilmenau, Deutschland. 7 

Finally, the total outage probability can be obtained by  
 
 ( ) ( ) ( ) ( ) ( )-out th UAV th D th UAV th D thP F F F F    = + , (16) 
 
where ( )D thF   and ( )UAV thF   are defined by (12) and (15), respectively. 
 

4. NUMERICAL AND SIMULATION RESULTS 
 
Impact of the system and channel parameters on outage probability is examined in this Section. 
Numerically obtained results based on derived expressions are confirmed with the results 
obtained by an independent simulation method. Simulation results are obtained by generating 
108 samples of the signal envelope. The outage probability is determined by averaging over 
successive channel realizations. The parameters used for numerical and simulation results are 
PB=30dBmW, m1=2, m2=3.5, m3=5, δ1=2.1, δ2=δ3=2, =0.9, σ2=10-5mW, unless otherwise 
indicated in the figures. 
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Figure 3. The outage probability dependence on the time switching parameter   for different 

values of H and PB 
 
The dependence of outage probability on the energy harvesting ratio  for different values of 
UAV altitude and output power of PB is presented in Fig. 3. for PB-DC horizontal distance L 
of 500m. The outage probability decreases when the transmit power of PB increases. The 
increase of  leads to higher sensor output power, but for PB=40dBm, it can be observed that 
the increase of  does not lead to better system performance. Above certain values of , the 
outage floor appears, and further energy harvesting does not significantly affect outage 
performances. The floor value only depends on the parameters of the UAV-DC link. 

The impact of system parameters of the UAV-DC link (UAV transmit power, PUAV, and 
horizontal PB-DC distance, L) is investigated in Fig 4. The outage probability values in the 
function of PUAV for different values of horizontal PB-DC distance and various energy 
harvesting ratios are presented. For low values of PUAV, outage is determined by the UAV-DC 
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link, and the distance of the UAV-DC has an influence on outage probability values, i.e., 
increasing the UAV-DC distance, thus increasing the path loss, leads to an increase in the 
probability of system failure. For high values of PUAV, the system performance depends on the 
S-UAV link, and up to the certain value of PUAV, the outage floor appears, and the further 
increase of PUAV does not significantly affects outage performance. The outage floor is 
determined by the S-UAV link, and it depends on time switching parameter . 
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Figure 4. The outage probability dependence on PUAV for different values of  and PB-DC 
horizontal distance L 

 
The contour plot of outage probability for PB=PUAV=30dBm, R=30m and PB-DC horizontal 
distance L=800m is presented in Fig. 5. The influence of UAV altitude and time switching 
parameter  on system failure is obtained. The results indicate that in order to obtain the outage 
probability smaller than 10-3 time switching parameter must be above 0.6. The altitude of the 
UAV data collector above 40m demands charging time above 0.8T to achieve an outage 
probability smaller than 10-3. 
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Figure 5. The outage probability dependence on the UAV height H and time switching 
parameter  

 

 

Figure 6. The outage probability dependence on the radius R and time switching parameter  
 
In Fig. 6 the dependence of the outage probability on the time switching parameter  and the 
size R of the circular area where the sensor is randomly positioned, is presented. For R>30m, 
to achieve an outage probability smaller than 10-2, the time of battery charging should be above 
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60% of the frame duration. If the sensor is uniformly distributed within the circular shaped area 
of a larger radius, it will be more often located at the positions farther from the PB, resulting in 
the higher propagation losses and smaller amount of collected power. The raise of  leads to an 
increase in the sensor transmit power and a decrease in outage probability. It also leads to a 
decrease of the time interval dedicated for information transmission. That fact is important for 
other performance metrics, like capacity and achievable throughput. By reducing time for 
information transmission, capacity and throughput are reduced. 

 
Figure 7. Outage probability dependence on the PUAV and time switching parameter  

 
In Fig. 7, a 3D plot of outage probability as a function of UAV output power and time switching 
parameter  is presented. The results are obtained for PB= 30dBm, H=50m, R=20m and PB-
DC horizontal distance L=800m. It can be seen that there are optimal values of α and PUAV that 
lead to a certain outage probability. Increasing the transmission power of the UAV above a 
certain value as well as increasing sensor charging time does not always lead to an improvement 
in performance. 
 

5. CONCLUSION 
 
In this study, we investigated the performance of an energy-constrained WSN supported by 
UAVs for data collection. Our focus was on the scenario where sensors are randomly positioned 
and collect RF energy from a PB to transmit data to the UAV using harvested power. The UAV 
further transfers the collected data to the DC. We derived analytical expressions to evaluate the 
outage performance, considering the randomness of the sensor positions within a certain radius 
and the dynamic nature of the wireless channel. The numerical results obtained based on 
analytical expressions were validated using an independent simulation method. We investigated 
the impact of system and channel parameters on system performance, such as energy harvesting 
time-switching ratio, WSN area size, UAV height, and distance between sensors and PB. The 
system parameters that lead to the optimal outage probability values and enhance the reliability 
of the system are determined. We identified the system parameters that optimize the outage 
probability and enhance the reliability of the system. The results obtained from this study 
provide valuable guidelines for designing WSN systems with UAVs for data acquisition in 
various applications. 
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