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Abstract: Wireless Charging (WC) is a promising technology that has recently attracted the research
community and several companies. WC has a myriad of advantages and diverse applications espe-
cially in the emerging Internet of Things (IoT) and Wireless Sensor Networks (WSNs), where energy
harvesting and conservation are very crucial to prolonging network lifetime. Several companies
have launched WC products and solutions and made them available to the end-users. This paper
provides experimental and practical insights about this technology utilizing off-the-shelf (commer-
cially available) products provided by Powercast Inc. (Pittsburgh, PA, USA); a pioneering company
that has made their wireless charging kits and solutions available to the research and academic
communities. In addition, a theoretical study of this technology is presented, where a close match
between the theoretical and practical results is demonstrated. This will in turn assist the learners
and technology adopters to better understand the technology and adopt it in various application
scenarios. Furthermore, the paper presents the potential of using WC in unsupervised clustered
WSN, where the Cluster Head (CH) node is proposed to be a mobile Unmanned Ground Vehicle
(UGV) equipped with a wireless charging station. The UGV position is chosen to be in the centroid
of the cluster in order to ensure that wireless charging takes place in the context of the cluster nodes
efficiently.

Keywords: radio frequency; wireless charging; energy harvesting; wireless power transfer

1. Introduction

Over the past decade, there has been an upsurge interest in Wireless Sensor Networks
(WSNs) as they can be used in diverse application scenarios. For example, border remote
sensing and monitoring, fire detection, structure health monitoring of buildings, etc., [1,2].
A WSN comprises of copious Sensor Nodes (SNs) deployed in the environment to be
sensed. Each of the sensor nodes consists of a microcontroller, sensors, and communication
modules that are powered by on-board batteries [3]. Due to the constraints in the available
battery technology and limited capacity of the on-board batteries, the lifetime of the WSN is
usually limited. Hence, energy turns out to be a scarce resource for a WSN and many works
presented in the literature is thus aimed at optimizing WSN energy consumption [4–6]. A
salient feature of WSNs is the cooperative nature of the sensor nodes. Therefore, SNs are
often grouped into clusters, where each cluster has a central node named as the Cluster
Head (CH). This node is responsible for managing the communication between SNs.
For example, it can allocate time slots for each node to avoid collision and contention
among the nodes. Furthermore, it also acts as a relay node where it collects data from
the SNs, processes them, and transmits the collected data to a remote processing site for
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further processing and decision-making. Clustering can be done in several ways, however,
Unsupervised Machine Learning (UML) algorithms are widely used in clustering the
SNs within the Area of Interests (AoI) because they are less complex and provide better
efficiency. K-means and its extended algorithms [7] are well-known UML algorithms that
are widely used to cluster the nodes into K predefined non-overlapping clusters. Once the
clusters are identified, several mechanisms that are reported in the open literature can be
used to select the CH node. In this work, we propose to use Unmanned Ground Vehicles
(UGVs) as CHs. These UGVs equipped with a wireless charger and powerful battery are
sent to each cluster to charge the SNs. Furthermore, the UGVs have microcontrollers and
communication modules, and are hence capable of simultaneously charging the nodes and
receiving the sensed data that are transmitted by the SNs.

WSNs are expected to have a long lifetime without human intervention for energy
replenishment especially in an operating environment, where human intervention may
not be possible such as in furnaces, high roofed factories, and hazardous chemical plants.
Furthermore, WSN constitutes of large number of sensor nodes implying high operational
cost and hence, human intervention is unattractive. Consequently, technologies that can
assist in energy replenishment of the on-board batteries of the SNs, which in turn can
extend the lifetime of WSNs have to be developed. Recently, developing such technologies
have received wide spread attention among the research community. In this context,
Wireless Charging (WC) is seen as a promising solution to replenish the batteries of sensor
nodes. WC is a new and emerging technology that aims at charging the battery operated
devices by utilizing the wireless signal, where the energy is transferred to the SNs via
air in the form of electromagnetic waves. Radio Frequency (RF)-based Wireless Charging
(RF-WC) uses the RF signal to achieve this goal in which the radio waves are sent from a
DC-RF supply to a load connected to an energy-harvesting receiver. RF-WC offers several
advantages especially for embedded systems and devices such as sensors, actuators, and
portable devices. It can also be used to charge many IoT devices like smart meters, weather
stations, wearable sensors and devices, WSNs [8,9], and smart agents used for remote
monitoring and sensing [10]. It simplifies the charging process of the above-mentioned
energy-limited devices and provision the possibility of battery-free devices, which helps in
device miniaturization. Furthermore, it can be viewed as an alternative to the charging
devices that are present in places that can pose risk to human life or are difficult to
reach. In addition, as this technology offers numerous advantages and can be used in
many potential applications, it has attracted many companies [11] to vie each other’s to
provide efficient, cost-effective, reliable, safe, user-friendly energy charging stations, and
practical harvesters.

Several wireless energy harvesting techniques have been discussed in recent studies;
such as near field inductive coupling, near-field energy harvesting, magnetic resonant
coupling, and far-field energy harvesting using radio waves [12]. In particular, inductive
techniques, where the transmitter and the receiver circuits have magnetic coupling between
them, the energy can be transferred from the transmitter to the receiver using the electro-
magnetic coupling between the two circuits. Obviously, this type of circuits work for short
distances, such as wireless mobile phone charging and many other applications that do
not require long distance between the charging and the charged nodes. On the other hand,
RF-based charging is used for longer distance, where either a directive or non-directive
method can be used. More details about the types of wireless charging technologies is
provided in the survey paper [13]. Our focus in this paper is the far-field RF wireless
charging technique. In short, the process of RF-based energy charging and harvesting
can be summarized in three steps. First, the charging station converts the DC energy into
radio frequency waves to be transmitted. Second, the generated electromagnetic wave is
propagated into the free space. Third, the energy harvesting circuit receives the emitted
radio wave and converts it back to the DC electrical energy that can be used to charge a
battery or operate battery-free devices. In order to address the above-mentioned needs,
recently, several companies have developed many solutions. In particular, Powercast
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Inc. [14], one of the pioneers in this field has come out with evaluation kits for wireless
charging that in turn can be adopted by researchers to explore on this emerging technology.
The paper contributions can be summarized as follow:

• This paper continues and expands our previous work on WC implementation and
experimentation [15] such that it provides technical and practical insights, experimen-
tal verification, and evaluation of this technology using off-the-shelf (commercially
available) products, thus making the results of this paper easily repeatable by others
and facilitating the adoption of this technology in real applications;

• Provide a theoretical study on how to estimate the received power in wireless charging
taking into consideration the distance between the wireless charging station and
the target node, thus identifying the proper wireless energy propagation model.
Identifying the proper wireless channel model is important in order to better estimate
the amount of the received energy thus estimating the charging time and duration.
Furthermore, the attained experimental results are compared with the theoretical
results to demonstrate a close match that exists between the two results;

• The provided theoretical and experimental results assist the researchers and technol-
ogy adopters to understand the technology, identify its capabilities and limitations
while considering it for various applications such as WSN and the IoT;

• The paper introduces a use case for WC in the context of WSN, where the idea of
utilizing the CH as a charging node for an unsupervised clustered WSN is proposed.
Such a proposition is important due to the CH central location among the other nodes
and its prime role in communicating with the other nodes, thus making it the best
candidate for providing WC functionality to the sensor nodes.

The rest of the paper is organized as follows: Section 2 presents the related work. The
RF-WC technology background and technical details are presented in Section 3. Section 4
presents the experimental setup and the obtained results. Section 5 discusses the experi-
ments’ practical challenges. Section 6 presents a use case for WC in the context of WSN.
Finally, Section 7 concludes the paper and proposes future work.

2. Literature Review

In what follows, a literature review for the most related work in the field of RF-based
wireless charging and practical implementation and evaluation is presented. The authors
in [16] designed such a framework to the point that comprises of a system of sensors
outfitted with remote power beneficiaries or receivers, a portable wireless power charger,
as well as an energy station that is responsible for observing the energy levels of sensors
and consequently choosing the power charging successions at the mobile charger. To be
specific, the authors have assembled a proof-of-idea model of the framework and probed
the model to assess its plausibility and performance on a small-scale system. Moreover,
they have performed broad simulations to consider their proposed framework in large-
scale systems and experimentally exhibited that the proposed framework can use the
mobile charging innovation successfully to extend the network lifetime. Additionally, they
evaluated the impacts of the mobile charging in terms of productivity through simulation
by considering different simulation parameters, as well as routing concept, which they
believed will become valuable rules at the time the proposed framework is implemented.
It is a well-known fact that solar energy harvesting is a widely accepted technique that
eases out the deployment of WSNs. However, nodes in WSNs that use batteries employing
this technology may suffer at night times or during cloudy periods due to energy shortages
arising from the depletion of energy and insufficient solar energy to charge the batteries.

In order to overcome this shortcoming, in [17], the authors have considered the TV
broadcast airwaves to power the nodes wirelessly. To be specific, in their contribution, the
authors have concentrated on radio frequency as an effective source of ambient energy.
Despite the fact that the energy duplicated by encompassing the ambient RF fields is
constrained, sensors can be operated over an extensive period of time when broadcast
airwaves are utilized. Towards this goal, as a first step, the authors have prototyped a
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wireless sensor model and realized an adaptive duty cycle assurance technique. With the
use of RF energy harvesting, which requires just a rectifier and an antenna as hardware,
this model has been found to be highly successful in the detection and transmission of
temperature data every 5 s. Besides, the aforementioned energy harvester comprises of
only fewer components thereby resulting in low cost and hence, more sensors can be
deployed densely. In addition, this harvester is useful in applications that do not call for
high power requirement. Recently, due to the fact that RF signal conveys energy and data
at the same time, RF energy harvesting is viewed to further advance wireless charging as
it is aware of the Simultaneous Wireless Information and Power Transfer (SWIPT). The
authors in [18] studied the SWIPT in two-hop Orthogonal Frequency-Division Multiplexing
(OFDM) relay systems as it has gained importance as a well-known scheme for wideband
digital communication and has been utilized in, for example, 4G mobile communications,
DSL Internet access, audio broadcasting, and digital television. In order to address the
limits of the OFDM decode-and-forward relay system performance, the authors detailed
a Power Allocation (PA) optimization problem to expand its feasible data rate. Not quite
same as the related works, in their design of the Resource Allocation (RA) scheme, the
Subcarrier Pairing (SP), Power Splitting (PS) factor, and PA at the source and relay are
together considered, and the overall energy harvesting at the relay is carried out by taking
into account all possible subcarriers, which is then re-designated for the next hop. In
addition, since the problem is non-curved and does not have direct solutions, the authors
designed an RA approach by treating it as two separate sub-problems. For obtaining the
ideal SP, PA, and PS factors, a joint improvement technique was proposed in which the
active subcarriers are combined at the relay node as per two hops channel gains. To assess
the performance of the system, massive simulation experiments were conducted where
the results exhibited that by utilizing their proposed RA approach, maximum feasible
data rate of the system can be obtained. However, with similar total accessible power
utilization, the SWIPT-empowered OFDM Decode-and-Forward (DF) relay systems have
shown some performance impairments compared to the ordinary non-SWIPT OFDM DF
relay systems.The authors in [19] introduced an exploratory examination of simultaneous
energy and information transmissions in RF-controlled WSNs. In particular, they examined
the impact of information transmissions and energy transfer in the same frequency band. In
addition, they measured not only the effect of long-extend interference of energy transmit-
ters, but also the energy charging range required to viably revive or recharge nodes. They
further demonstrated the interference between RF energy transmitters and wireless nodes
when both operate simultaneously in the same spectrum. They likewise distinguished safe
frequency detachment for simultaneous information and energy transmission. The destruc-
tive interference effect of having various energy transmissions utilizing the same frequency
has been also reported. Moreover, the effect of power cancellation on the power harvested
has been effectively measured. The practicality and productivity of multi-frequency band
RF energy harvesting considering RF energy circuits with a wide response range of fre-
quency have been demonstrated too. In addition, to this end, the authors have exhibited
that multi-band RF harvesting and frequency separation are promising for enhancing in
general the performance of the system in terms of the throughput.

The authors in [20] summarized many research works, which are based on RF en-
ergy harvesting in which the energy limitation of WSNs was addressed using Powercast
harvesters. Not only to this extent, but rather they detailed the approach in utilizing ant
colony optimization meta-heuristic mechanism. In addition, the authors primarily pro-
posed down-to-earth RF energy harvesting using Powercast harvesters. Furthermore, the
harvested and accessible energy of the sensor network’s was managed with an improved
energy efficient ant-based routing protocol, which basically helped much in optimizing
the available power. Their major goal was to get the sensor networks powered efficiently
with/without batteries to keep the network lifetime at the greatest level and avoid any
degradation in the network’s performance. In [21], the authors have taken up the problem
of individual energy requirement in a sensor network for each of the sensor nodes, and
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proposed a scheme for optimum charger placements that would lead to a minimum num-
ber of chargers, while satisfying the energy requirement of each sensor node. Furthermore,
the authors have shown that the problem is NP-hard, and presented two approximation
algorithms based on the greedy and relax rounding schemes to achieve better and guaran-
teed performance in the context of charger placements. Extensive numerical simulations
have been conducted to substantiate their claim in terms of the efficacy of the proposed
algorithms. A wireless system on chip energy harvesting sources that are capable of har-
vesting ambient energy has been addressed in [22] along with a power management model
that processes and distributes the harvested power using low power radio communication.
The basic idea of this work is to present end deployment solutions for energy harvesting.
The research work in [23] proposes a new clustering scheme called the Distance Energy
Evaluated (DEE) for WSN to increase its lifetime. It has been demonstrated by the authors
that DEE has the advantage of utilizing minimum energy for routing and load balancing.
In addition, the authors have introduced a layered architecture for topology that supports
elasticity in multi-hop communication and adopted unequal size in partitioning the net-
work to form clusters to consume less energy and improve the reliability and lifetime.
Mohammad Rahimi et al. [24] have studied the problem of enhancing the lifetime of a
WSN by exploiting mobility wherein, a few number of nodes in the network move around
in search of energy to recharge and aid the energy depleted stationary nodes to get charged
from them. It has been shown through a simple analytical framework that their proposed
mobile energy management scheme can improve the network’s lifetime if the total energy
utilization rate is less than the rate at which the energy is harvested together with sufficient
number of nodes that can move around to support a self-sustaining eco system.

The authors in [25] considered the problem of area charging by designing an efficient
charging scheme based on Medial Axis based Charging (MAC) for a Wireless Mobile
Charger (WMC). The WMC employed by the authors is directional, which can charge an
area that has the shape of a sector. In addition, the WMC is capable of recharging sensors
at the boundary of an Area of Interest (AoI). Furthermore, WMC has been designed to
recharge any of the sensors inside the AoI with sufficient energy with minimum charging
time. In order to deal with area charging, the AoIs are partitioned into rectangular and
sector shapes subareas based on the medial axis of the AoIs. The authors proposed a
rectangle-based moving approach and rotating approach for the first and second type of
partitions, respectively, and calculated the charging time. They evaluated their proposal
by conduction extensive simulation trails, and proved that their algorithm achieved a
stable approximation ratio. In [26], the authors developed an Energy Stimulated Time Sync
(ESTS) method based on a new time synchronization approach to provide ultra-low-power
energy harvesting for wireless networks. The ESTS scheme proposed by the authors does
not depend on time stamp exchange. However, it employs short radio frequency tones to
synchronize energy harvesting nodes with that of the central node. They implemented
their proposal on a real Microchip ATmega 256RFR2 System-on-Chip (SoC) and Powercast
P1110B radio platform and analyzed its performance with the aid of extensive experiments
to demonstrate that their scheme considerably reduces the energy consumption of the
energy harvesting nodes than that of the timestamp-based synchronization approaches.
Also, they showed that ESTS exhibited an accuracy of 5 ms on an average.

The research in [27] demonstrated with the aid of in-field experimental study on RF
wireless charging conducted based on the commercially available transmitters to measure
the amount of power obtained from Powercast. The investigation reported by the authors
reveal that the power transferred to a few meters of distance employing millimeter-sized
antennas with small form factor was from mW to µW, i.e., at 40 cm distance, the setup is
capable of harvesting mill watts of power continuously and for 140 cm up to 592 µW was
harvestable. This range of power was found to be sufficient to charge small IoT devices.
Specifically, the authors’ focus was on the Qi- and NFC-aided charging. They performed
several experimental evaluations and showed that the RF power transfer is more promising
for many of the application scenarios and can charge devices with an obstacle between
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transmitter and receiver. In addition, their study showed that at 1.6 m distance, an output
power 135 µW and at 1 m distance more than 1 mW was harvested despite the small
size of the chip antennas. Furthermore, they advocate that if the impact of obstacles is
restricted, RF wireless charging can turn out to be an appealing technology that can be
utilized in a wide range of realistic use cases. However, the authors in [28] proposed a
self-sustainable WSN energy-proficient architecture which relies on energy harvesting base
station mechanism along with a MC with arrangement taken for the cost of deployment.
They conducted massive simulations and ultimately demonstrated the effectiveness of
their proposed method in the domain that it maximizes the life expectancy of the network,
taking the cost of deployment into consideration.

As can be deduced from the conducted literature review, most of the published work
focused on integrating and optimizing the wireless charging technology into a specific
application of interests. However, our literature review revels a compelling need for
providing a detailed study on both the theoretical and technical details of the technology
deployment, where the technology capabilities and limitations are examined and discussed.
Such a study is of utmost importance for researchers and technology learners who are
eager to attain such a knowledge in order to better understand the technology and hence
be able to integrate it efficiently into different systems and solutions. Furthermore, the
proposed WSN WC integration is very promising and will enhance WSN operation and its
lifetime significantly.

To summarize, in what follows, we present in Table 1 the comparison of the contribu-
tions provided in our work with that of the closely related literature.

Table 1. Comparison of our work with other closely related works. Wireless Charging (WC); Unmanned Ground Vehicle
(UGV); Wireless Sensor Networks (WSNs); and Cluster Head (CH).

Comparison

The Utilization for
Off-the-Shelf
WC Products

Approach Cluster Head
for WC

UGV as
CH Pros Cons

Peng, Y et al. [16] No Experimental No No
Tolerant to
localization
inaccuracy

Exponential
complexity

Naderi, M.Y. et al. [19] No Experimental No No

Multi-
frequency band

RFenergy
harvesting

Small size
indoor WSN

Zungeru, A.M. et al. [20] Yes Experimental No No Energy
management

Lacks linking
circuit for direct

charging

Salim El, K et al. [23] No Simulation Yes No
Improved Life

span and
energy usage

Lacks of
experimental

study

Dai, H. et al. [25] No
Theoretical

and
Simulation

No No Improved
charging time

Lacks of
experimental

study

Meile, L. et al. [27] Yes Experimental No No Small form
factor antennas

Limited
obstacles

Our work Yes
Experimental

and
theoretical

Yes Yes

Practical insight
for WC

technology
adoption

Lacks of
obstacles

between the
transmitter and

receiver
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3. Technical Background

Over the years, research on enabling the battery aided electrical devices to consume
less power for their operation and making them to be small have called for new sources
of energy to recharge the battery. In this context, recently, RF has been viewed as the
main source of energy to charge the batteries residing in electrical devices. Consequently,
wireless charging has gained widespread research attention both in academia and industry
communities. One of the commercially present evaluation kits that allows wireless energy
transmission is the Powercast kit. Powercast P2100 uses radio frequency transmission
and its transmitter comprises of an oscillator and an antenna, both operating at 915 MHz.
The intensity of the wave decreases as a function of distance and as the wave reaches the
receiver side it is collected by the antenna and the RF energy is translated to DC power,
which is then used to charge the capacitor until a threshold voltage is reached. Following
this, the voltage booster and voltage monitor circuits yield an output pulse. The general
process of energy harvesting process is depicted in Figure 1 [29].
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In order to understand the theoretical background pertaining RF-based wireless
charging technology, it is fundamental to realize first how energy is transferred from the
transmitter, propagated into the space, and received by the receiving antenna. Therefore, a
technical summary about the wave propagation concept is provided. At the transmitter
side, considering an isotropic antenna that emits the electromagnetic wave in all directions,
the power density measured in W/m2 (Pd) at a distance (d) from the radiating antenna is
given by Equation (1) [30]:

Pd = Pt·Gt/4π·d2 (1)

where Pt is the transmitter emitted power, and Gt is the antenna transmitter gain. The
amount of received power Prd at the receiving antenna with an effective aperture (Ae) (m2)
is calculated using Equation (2):

Prd = Pd·Ae. (2)

Then, the received power Prd can be written as shown in Equation (3):

Prd =
Pt·Gt·Ae

4π·d2 . (3)
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Note, that the denominator of Equation (1) represents the area of a sphere of radius d.
The receiver antenna Ae is related to the antenna receiver gain (Gr) using Equation (4) [31]:

Gr =
4π·Ae

(λ)2 (4)

where λ is the wavelength of the signal. Therefore, the amount of received (harvested)
power (Pr) at the receiver antenna at distance d from the transmitter can be calculated
theoretically by using Equation (5):

Pr(d) = Pr− f s(d) = Pt·Gt·Gr·λ2/(4π·d)2. (5)

This equation represents the simple free space (Pr− f s(d)) wave propagation, which is
well known as the Friis wireless transmission equation [12]. However, in the real world,
the wireless signal is prone to more attenuation due to the surrounding environment, and
hence, more advanced models have been proposed in the literature such as the two-ray
model [32], where the received power Pr−n f s is estimated using Equation (6) [32]:

Pr−n f s(d) =
PtGtGr(hthr)

2

d4 (6)

where ht, hr are the transmitter and receiver antenna heights, respectively. Furthermore,
it is important to use the suitable wireless propagation model to estimate the amount of
the received energy at the receiver side. To that end, the distance between the wireless
charging station and the target node should be estimated and compared with a threshold
distance known as the cross over distance (dcrossover) [33], which will be calculated first
using Equation (7), and according to Equation (8), the suitable path loss model is utilized
for a certain signal frequency f :

dcrossover =
4π
√

f hthr

λ
(7)

Pr =

{
Pr− f s, d < dcrossover

Pr−n f s, d ≥ dcrossover.
(8)

In our work, dcrossover = 923 meters, where f = 915 MHz and ht = hr = 0.05 meters.
Since the distances used in the conducted tests were much lower than the value of dcrossover,
we adopted the free space wireless channel model for the theoretical analysis, showing a
close match with the obtained practical results.

Wireless Charging Implementation Circuit

The purpose behind launching this kit is to allow researchers to evaluate and study
the wireless power transfer. It consists of six different components, which include: RF
transmitter, energy harvesting receiver boards, patch and dipole antennas, wireless sensor
boards, a PIC MCU-based development board, and a programming tool. All the values of
the parameters used in the experiments are according to the Powercast kit data sheets [14].

1. Transmitter (TX91501-3W-ID): The transmitter shown in Figure 2a uses the spread
spectrum technique to send energy at a frequency of 915 MHz in the Industrial, Sci-
entific, and Medical (ISM) band. The power transmitted is modulated using Direct
Sequence Spread spectrum (DSS) which gives the advantage of less interference as
we are sending the narrow band on a wider band, which in turn decreases the noise
interference. It can move along with the power broadcast, transmit data, which is
Amplitude Shift Keying (ASK)-modulated, and sends an 8-bit ID at random intervals
at a frequency of 2.4 GHz. There are two different transmitters, one is able to send
1W Equivalent Isotopically Radiated Power (EIRP) and the other one can send 3W
EIRP. In this paper, we used the 3W transmitter, which is supported by the utilized
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kit [14]. EIRP is the maximum power that is radiated from the transmitter in the
direction where the antenna exhibits maximum gain in relation to the isotropic an-
tenna. The antenna integrated in the transmitter has a gain of 8 dBi and is 60 degrees
beam patterned, and vertically polarized. The transmitter can provide energy for
unlimited harvesters;

2. Wireless sensor board (WSN-EVAL-01): This board, which is shown in Figure 2d is
able to sense humidity, light, temperature. Furthermore, it gives the option for user to
add another sensor-measuring device, which can be connected to the external sensor
board found on a terminal block (J3) if needed. The external sensor jack can only
supply 3 Volts. The sensor board also has the ability of measuring the Received Signal
Strength Indicator (RSSI) of the received power. The sensor information along with
the RSSI measurement and node ID of the transmitter that is captured are sent as
a packet via a Microchip MiWi P2P low power protocol [34]. The transmission is
conducted using a frequency signal centered at 2.4 GHz to the Microchip access point
together with the sensor ID that a user can set using the ID selection bits on the sensor
board. This information can be viewed on a computer using the hyper terminal utility.
The sensor board can be powered using the harvester board if attached on top of the
breadboard connection on the harvester board. It has a PIC kit programming header
that is used to program the PIC MCU on the sensor board;

3. Harvester receiver P2110 evaluation board (P2110-EVB): There is an SMA connecter
on the harvester board as shown in Figure 2c where the receiving antenna is connected
and matched to 50 Ω. As depicted in Figure 3, the receiver board has a P2110 harvester
circuit which consists of an RF-DC converter that is implemented using the Microchip
pcc110 chip and a voltage booster using the Microchip pcc210 chip. There is also a
VCAP pin that can be connected to an external capacitor of the users’ choice or to the
capacitors that are already available (C3 of 10 mF or C5 of 50 mF). Furthermore, the
user can adjust the S2 switch available on the board to either operate the sensor board
or use the harvested power to light an LED, which can be easily seen as the LED blinks,
or to indicate the arrival of a packet at the access point. As depicted on Figure 3, after
the RF signal is received via the antenna and fed to the harvestor RFIN terminal, it is
converted to a DC signal via the RF to DC converter circuit, which thereafter can be
either stored in the capacitor connected to the pin VCAP (e.g., C3). Obviously, a smaller
capacitor will charge much faster than a larger one but can provide power only for a
shorter period. Furthermore, when the voltage signal reaches to a threshold value of
1.2 V, the booster circuit generates an output pulse signal around 3.3 V. However, this
value can be increased or decreased by attaching an external resistor to the terminal
VSET and to the ground as described in the circuit data sheet [35];

4. Dipole and Patch Antennas: Figure 2g shows a dipole antenna with a 360-degree
reception range, where as a patch antenna shown in Figure 2f has a 120-degree
reception range. Both antennas operate at 915 MHz ISM frequency band. Furthermore,
in order to obtain optimal reception, the antennas lengths are designed to have at
least half of the utilized wavelength, which equals to 32.76 cm, and normalized 50 Ω
impedance. The patch antenna is able to receive more power as it has a gain of 6 dBi,
as compared to the dipole antenna that has a gain of 1 dBi.

5. Access point (WSN-AP-01): The Access point in Figure 2b has a USB connection
that can be connected to a personal computer (PC) to display the information of
the received packets, as well as, the amount of the received power. It also has the
capability to receive information from 8 sensor boards. It receives the packets at a
frequency of 2.4 GHz that is similar to the one used for radio modules, and displays
the information on the PC. It maintains a counter for each of the sensor boards to
record the total number of packets received by each sensor board;

6. PICkit 3 programmable debugger (PG164130): The PICKit shown in Figure 2e is used
to program the MCU on the sensor board or the access point. The user can update the
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PICkit tail attached to it and with the help of MPLAB IDE program, the microchip
code.
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4. Experiment Setup and Results
4.1. Experimental Evaluation

In order to better understand the kit operation, we have conducted a set of experiments.
In particular, the setup shown in Figure 4 was used to conduct different experiments. The
Powercast transmitter was connected to a voltage supply and placed on a table near its
edge in a room facing the harvester. We have considered different distances (in meters)
in order to carry out the experiment. Initially, we fixed the harvester at the other end of
the setup table. After every test, the receiver was moved to the next distance (towards the
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transmitter) to redo the test and the process was repeated for different distances as will be
depicted later in the paper.
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The energy received by the antenna was observed at the beginning on the frequency
analyzer MS2720T, which showed two expected peaks, one at 915 MHz, which was used to
transmit the RF wave, and the other one at 2.4 GHz, which was used to transmit the data.
Furthermore, in order to fully understand the energy charging and harvesting process,
several tests with different settings as depicted on Figure 5 were conducted. We observed
that on some settings, e.g., Figure 5a,d, the output voltage reached the maximum voltage
of 3.3 V, since the wireless charging process was able to harvest enough power required
by the booster circuit to generate the maximum possible output pulse signal. Furthermore,
it was noticed that this maximum voltage was not obtained on other settings (Figure 5b,c).
Therefore, it is important to choose the suitable capacitor and load resistor values to be
able to generate the required output voltage signal.

Figure 4. Experiment setup.Figure 4. Experiment setup.

The energy received by the antenna was observed at the beginning on the frequency
analyzer MS2720T, which showed two expected peaks, one at 915 MHz, which was used to
transmit the RF wave, and the other one at 2.4 GHz, which was used to transmit the data.
Furthermore, in order to fully understand the energy charging and harvesting process,
several tests with different settings as depicted on Figure 5 were conducted. We observed
that on some settings, e.g., Figure 5a,d, the output voltage reached the maximum voltage
of 3.3 V, since the wireless charging process was able to harvest enough power required by
the booster circuit to generate the maximum possible output pulse signal. Furthermore, it
was noticed that this maximum voltage was not obtained on other settings (Figure 5b,c).
Therefore, it is important to choose the suitable capacitor and load resistor values to be
able to generate the required output voltage signal.
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Figure 5. (a) Testing without a load and capacitor; (b) Testing without a capacitor and with a 660 Ω
load; (c) Testing with the on board capacitor C3 capacitor and a 660 Ω load; (d) Testing with the on
board C5 capacitor and with a 660-Ω load.

Figure 5. (a) Testing without a load and capacitor; (b) Testing without a capacitor and with a 660 Ω
load; (c) Testing with the on board capacitor C3 capacitor and a 660 Ω load; (d) Testing with the on
board C5 capacitor and with a 660-Ω load.
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4.2. Measuring the Height and Width of the Pulse for Various Loads

In this section, we present our measurements with respect to the height and width
of the pulse. It was observed that the width and height of the pulse vary in accordance
with the applied load. To be specific, the width and height of the pulse kept increasing as
the load increases. In addition, the current that is available at the output also increases up
to a point and starts to fall back. In order to better understand the obtained results, the
following points are summarized:

• As shown in Figures 6 and 7a, when the resistance used is increased, the width of the
pulse kept increasing. As seen in Figure 6, there has been an increase from 99.25 ms
to 212 ms and to 2.955 s. In this figure, we can also observe that as the pulse is
generated, the capacitor voltage (colored in yellow) decreases slowly but the decrease
is no more than 0.2 V. Then, the capacitor recharges back again and generates a new
pulse. Furthermore, we observed that the time between the pulses remains unchanged
when the loads were changed by considering a specific distance (in this case 6 m);

• As shown in Figure 6a, due to the small Ohmic value of the load, a small amount
of power is being used up by the load, and that is the reason for not attaining the
maximum voltage, and also, the discharge is noticed to be very minimal. On the other
hand, higher voltage values were obtained due to the increased Ohmic value of the
load, as can be seen in Figure 6b,c;

• The current values versus the load can also be found by either using Ohms law or
by measuring it using a current meter, as it is easier to view the current when the
width of the pulse increases. Figure 6a,b have been provided as a general case for
both antennas considering all the distances from 0.6 to 12 m. It can be noticed from
the figures that the charging process exhibits same behavior for all resistance values.
However, when the distance increases, the time taken to reach the threshold voltage
increases as shown in Figure 8;

• Furthermore, as depicted in Figure 7b. at the beginning, the power source was
able to provide as much voltage as the load required and consequently, the current
increased. For 2000 Ω, the power source could no longer provide more voltage,
thus the voltage remains constant and the current in the load starts to decrease,
since V = I·R, therefore, if V remained constant, and R is increased, then I should
decrease. To better understand this phenomena, let us recall the relationship between
the charging time Tch needed to charge the capacitor C, and the load resistance R
which states that Tch = R·C. Based on this relationship, higher resistance will increase
the time taken for the capacitor to charge because of the higher RC time constant.
Therefore, the output voltage keeps on increasing until it reaches 3.3 V which is the
default maximum voltage for the built-in booster circuit. However, we can suitably
adjust the RC constant by adding resistors in order to increase or decrease Vset;

• A linear relationship is seen in Figure 7a between the pulse width and the load
value. As the load connected to Vout increases, the pulse width of Vout increases
proportionately. This is because the Vout duration depends on the capacitor discharge
period. As the discharge time Tdisch is directly proportional to the product of R and
C, (i.e., Tdisch = R·C), an increase in R will directly increase Tdisch. Furthermore,
to quantify the measured values, for 1000 Ω load, the width of the pulse is about
0.45 s. For 6000 Ω load, the width of the pulse is 4 s, and with this information, we
can approximate any load’s pulse width (PW) with the load value R by using the
following equation: PW = 0.00071·R, where 0.00071 is the slope of the linear line
between PW and R.
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Figure 6. Length of the Pulse using: (a) 10 Ω (b) 660 Ω, and (c) 3 KΩ.
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4.3. Measuring the Maximum Average Output Power

Another interesting point is the cycle time of each pulse. As already mentioned, when
sufficient energy is presented to the voltage booster, it emits a pulse of 3.3 V. With increasing
distance, the intensity of the electromagnetic waves decreases. Consequently, this energy
scarcity leads to a longer time in the pulse cycle production. This observation was noticed
by measuring the length of each cycle of the pulse. On an average, 4 readings were taken
in order to be more accurate, and the outcomes of this experiment is reported in Figure 8.

4.4. The Relationship between the Recharge Time and Distance

With the aid of the previously found information, i.e., the current is maximum with
2000 Ω resistive load, the time of operation is 1.3 s, and the time of each pulse cycle
at each of the distances, we could measure the maximum average power of the pulse
[36]. In addition, to make sure that the calculated power is maximum, we calculated and
averaged it over different resistance values to yield the maximum average power. In order
to calculate the average power, we used the equations given below (Equations (9)–(11)),
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4.3. Measuring the Maximum Average Output Power

Another interesting point is the cycle time of each pulse. As already mentioned, when
sufficient energy is presented to the voltage booster, it emits a pulse of 3.3 V. With increasing
distance, the intensity of the electromagnetic waves decreases. Consequently, this energy
scarcity leads to a longer time in the pulse cycle production. This observation was noticed
by measuring the length of each cycle of the pulse. On an average, 4 readings were taken
in order to be more accurate, and the outcomes of this experiment is reported in Figure 8.

4.4. The Relationship between the Recharge Time and Distance

With the aid of the previously found information, i.e., the current is maximum with
2000 Ω resistive load, the time of operation is 1.3 s, and the time of each pulse cycle at
each of the distances, we could measure the maximum average power of the pulse [36]. In
addition, to make sure that the calculated power is maximum, we calculated and averaged
it over different resistance values to yield the maximum average power. In order to calculate
the average power, we used the equations given below (Equations (9)–(11)), where p, Ep,
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Pavg, Tp, and Tc are the pulse power, pulse energy, average power, pulse width, and cycle
time, respectively:

p =
V2

R
(9)

Ep =
p

Tp
(10)

Pavg =
Ep
Tc

· (11)

Furthermore, the online calculator provided by Powercast shown in Figure 9 was used
to obtain the theoretical values so that they can be compared with the experimental results.
We found that the power received by the patch antenna was more than that of the dipole.
Also, as the distance increases, the values measured were found to be remarkably close
to the theoretical ones. The theoretical power was calculated using the Friis equation and
with the help of the Powercast power calculator.
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The transmitter-integrated antenna has a gain of 6 dBi and the receiving antenna
could be either of gain 1 dBi or 6 dBi depending on the antenna used. Figure 10 com-
pares the theoretical and experimental results, which shows a close match especially at a
large distance.
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4.5. Measuring the First Charging Time

The first charging time is also an important metric to be known, since one should
have an estimation of how long the process should take from the very beginning, if the
capacitor has to be fully discharged before the recharging process can take place. Analog
discovery hardware and a waveform software oscilloscope have been used to measure the
first charging time. The line that signifies the capacitor’s voltage keeps increasing until
it reaches the threshold, which in turn produces the first pulse at Vout and at this point,
the threshold value was found to be 1.26 V. The first charging time of the 50 mF has been
taken at six different distances and the results are shown in Figure 11a, which demonstrates
that the charging time increases as the distance increases.
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Figure 11. First charging time: (a) for the c5 built in capacitor (50 mF); (b) Charging 1F capacitor using patch antenna.

4.6. Charging 1 F Super Capacitor

To view how the process of charging is happening and if it is possible to actually use it
to charge a battery, first, we have carried out the testing using super capacitors. Note, that,
the super capacitors are used when the regular electrolytic capacitors are not enough for
the application under consideration. Furthermore, super capacitors have been proposed

Figure 10. The theoretical versus practical power results for different distances.

4.5. Measuring the First Charging Time

The first charging time is also an important metric to be known, since one should
have an estimation of how long the process should take from the very beginning, if the
capacitor has to be fully discharged before the recharging process can take place. Analog
discovery hardware and a waveform software oscilloscope have been used to measure the
first charging time. The line that signifies the capacitor’s voltage keeps increasing until it
reaches the threshold, which in turn produces the first pulse at Vout and at this point, the
threshold value was found to be 1.26 V. The first charging time of the 50 mF has been taken
at six different distances and the results are shown in Figure 11a, which demonstrates that
the charging time increases as the distance increases.
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The first charging time is also an important metric to be known, since one should
have an estimation of how long the process should take from the very beginning, if the
capacitor has to be fully discharged before the recharging process can take place. Analog
discovery hardware and a waveform software oscilloscope have been used to measure the
first charging time. The line that signifies the capacitor’s voltage keeps increasing until
it reaches the threshold, which in turn produces the first pulse at Vout and at this point,
the threshold value was found to be 1.26 V. The first charging time of the 50 mF has been
taken at six different distances and the results are shown in Figure 11a, which demonstrates
that the charging time increases as the distance increases.
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4.6. Charging 1 F Super Capacitor

To view how the process of charging is happening and if it is possible to actually use it
to charge a battery, first, we have carried out the testing using super capacitors. Note, that,
the super capacitors are used when the regular electrolytic capacitors are not enough for
the application under consideration. Furthermore, super capacitors have been proposed
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4.6. Charging 1 F Super Capacitor

To view how the process of charging is happening and if it is possible to actually use it
to charge a battery, first, we have carried out the testing using super capacitors. Note, that,
the super capacitors are used when the regular electrolytic capacitors are not enough for
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the application under consideration. Furthermore, super capacitors have been proposed
in the literature, for use in wireless sensor nodes [37]. In the conducted experiment, 1F
capacitor was used as a reference value. In the context of 1F super capacitor, it took 55 min
at a distance of 0.6 m to fully charge when the dipole antenna was used. However, as can
be seen from Figure 11b it took 34 min when the patch antenna was utilized. Furthermore,
15 h were needed to fully charge a 1F super capacitor when we employed the patch antenna
at a 6 m distance.

5. Practical Challenges and Best Practices

In what follows, a summary of the most important technical challenges encountered
while conducting the experiments are provided. Furthermore, our experience and best
practices are summarized, which in turn can facilitate the widespread adoption of this new
evolving technology in various fields and applications.

• As explained in Section 3, it is important to determine the suitable path loss model that
can be used to estimate the theoretical results for the harvested power, thus being able
to predict precisely the amount of harvested energy. This step of utmost importance
for charging the nodes in WSN network that can result in improvement in the lifetime
of the network;

• It is advised to follow Electrostatic Discharge (ESD) precautions during the use of the
kit, as it is prone to damage from static charges produced by the body. We have used
anti-static wrist strap and anti-static mat during the experiments. The devices were
not placed on top of the mat while taking measurements as it did affect the readings,
yet there is a need to discharge whenever one moves and carries the devices;

• The kit is sensitive and influenced by the environment too, as any obstacle on the way
can affect the radio wave propagation. Furthermore, since the utilized frequency is
915 MHz, it may be interfered by other devices such as mobile phones operating in
the same frequency. Thus, several measurements have to be recorded and averaged to
get accurate values, which is a time consuming process;

• Another challenge we encountered was in measuring the current, especially for short
distances using the multi-meter. It was not easy as the frequency of the pulsating
voltage is high and the width of the pulse is very small.

6. WSN Wireless Charging-Use Case

The main purpose of this section is to demonstrate a use-case scenario for WC in
the context of WSN. As previously discussed, SNs are normally distributed on the AoI
and grouped into clusters. To achieve this, the Unsupervised Machine Learning K-means
algorithm is utilized. The algorithm divides the SNs into K mutually exclusive clusters,
such that the nodes that belong to the same cluster are as close as possible to each other,
and as far as possible to the other clusters’ nodes. In this work, we used K-means algorithm
to cluster the nodes into K clusters, where the centroid of each cluster specifies the location
of the WC UGV. However, in order to ensure that the UGV location achieves the maximum
energy charging for all the nodes within each cluster, the number of clusters K is chosen
such as the nodes’ distances to their cluster centroids are less than a threshold (α), where
its value is determined from the conducted experiments. For example, in our tests, the
time needed to charge a capacitor differed according to the distance and the capacitor
capacity. For instance, according to the results depicted in Figure 11, charging a 1F Super
capacitor that can be used to charge the SN at a 6 m distance took around 15 h. If such
a configuration is suitable for the WSN application under consideration, then α will be
set to 6 m, and K will be varied from 1 till K∗ in a unit step, where K∗ is the minimum
number of clusters considered in order to ensure that all of the distances between all cluster
nodes and the centroids is less than α. For example, in Figure 12, we demonstrate how 80
nodes randomly distributed in an AOI were grouped into three clusters K∗ = 3 using α =
6. Once the number of clusters and their centroids are determined, the UGVs equipped
with the wireless charging stations that supports high charging batteries will be sent to the
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centroids locations of each cluster to mutually collect the sensed data by the sensor nodes
and perform the wireless charging process. Furthermore, since the UGV nodes will have
two roles (data gathering as a CH and wireless charging station), it is important to ensure
that there will be no interference between the signal sent by the SNs to the CHs, and the
charging radio signal sent from the CH to the SNs. To achieve this, the SNs as well as the
CHs are designed to have two separate radios, one for data transmission and the other one
for the wireless charging process. Each radio module operates on different channels, and
thus, the interference is avoided.

Energies 2021, 1, 0 19 of 21

perform the wireless charging process. Furthermore, since the UGV nodes will have two
roles (data gathering as a CH and wireless charging station), it is important to ensure
that there will be no interference between the signal sent by the SNs to the CHs, and the
charging radio signal sent from the CH to the SNs. To achieve this, the SNs as well as the
CHs are designed to have two separate radios, one for data transmission and the other
one for the wireless charging process. Each radio module operates on different channels,
and thus, the interference is avoided.
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7. Conclusions and Future Work

In this paper, a study on radio frequency-based wireless charging utilizing off-the-shelf
product was provided. In particular, with the aid of the Powercast power charging and
harvesting circuit, a set of experiments was conducted to fully understand the technology
in terms of the amount of energy received at the charged node, charging time, and charging
distance. In addition, the paper provided a theoretical analysis on how to estimate the
amount of the energy received for a given distance between the transmitter and receiver.
Also, we presented the details on the path loss model to be used based on the crossover dis-
tance i.e., to invoke a two-ray path loss model or a Friis model. Accordingly, the amount of
energy received was estimated theoretically and compared with the obtained experimental
values, which showed a close match between the two results. Moreover, we compared the
charging time and distance for the dipole and patch antennas, and the experimental results
showed that the later one yielded better performance. Additionally, a use case in the area
of WSN was demonstrated, where the sensor nodes were clustered using the Unsupervised
Machine Learning K-means algorithm, and the centroid of each of the K-clusters was
chosen. An Unmanned Ground Vehicle was used to act as a Cluster Head and wireless
charging node to power the nodes within each of the clusters. For future work, we plan to
conduct more experiments to take into consideration the potential existence of obstacles
between the wireless charging station and wireless nodes. In addition, we are working
toward building our own charging system and comparing it with the one used in this
study.

Author Contributions: Conceptualization, A.K.; methodology, A.K.; software, A.K.; validation,
M.S.; formal analysis, A.K. and K.A.D.; investigation, P.N.; resources, A.K.; data curation, M.S.;
writing—original draft preparation, A.K., K.A.D., M.S., P.N.; writing—review and editing, A.K.,
P.N.; supervision, A.K.; funding acquisition, A.K. All authors have read and agreed to the published
version of the manuscript.

Figure 12. A total of 80 sensor nodes clustered into 3 clusters according to the K means algorithm,
the centroids represent the locations of the UGVs with holding the wireless charging stations.

7. Conclusions and Future Work

In this paper, a study on radio frequency-based wireless charging utilizing off-the-shelf
product was provided. In particular, with the aid of the Powercast power charging and
harvesting circuit, a set of experiments was conducted to fully understand the technology
in terms of the amount of energy received at the charged node, charging time, and charging
distance. In addition, the paper provided a theoretical analysis on how to estimate the
amount of the energy received for a given distance between the transmitter and receiver.
Also, we presented the details on the path loss model to be used based on the crossover
distance i.e., to invoke a two-ray path loss model or a Friis model. Accordingly, the
amount of energy received was estimated theoretically and compared with the obtained
experimental values, which showed a close match between the two results. Moreover,
we compared the charging time and distance for the dipole and patch antennas, and the
experimental results showed that the later one yielded better performance. Additionally,
a use case in the area of WSN was demonstrated, where the sensor nodes were clustered
using the Unsupervised Machine Learning K-means algorithm, and the centroid of each
of the K-clusters was chosen. An Unmanned Ground Vehicle was used to act as a Cluster
Head and wireless charging node to power the nodes within each of the clusters. For
future work, we plan to conduct more experiments to take into consideration the potential
existence of obstacles between the wireless charging station and wireless nodes. In addition,
we are working toward building our own charging system and comparing it with the one
used in this study.
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