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Abstract—Internet of Things (IoT) and Wireless Sensor
Networks (WSN) infrastructures are becoming more and more
available and diffused. One major outcome is the development
of new services that help to make everyday life easier and better.
One of those to which this paper reserves special attention is
asset tracking which refers to the method of tracking physical
assets. This service is very well based on IoT infrastructure
and, due to the enormous number of objects to be traced,
desperately needs the availability of inexpensive tags with sensing
capabilities, that can be conveniently monitored from a long
distance and require no maintenance. For this, engineers are
called to face very challenging issues. One of these is how to power
a maintenance-free tag that consequently must be battery-free.
This paper deals with the investigation of a system based on radio
frequency (RF) Wireless Power Transfer (WPT) that powers a
battery-free tag for asset tracking, in which the major challenge
is that the WPT deals with dynamic objects at different speeds.
The performances and key features of a system on chip (SoC)
specifically designed to power a tag by means of RF WPT will
be investigated. The aim is to provide a strategy and a model to
design the infrastructure by providing the number of hot-spots
needed to perform successfully the identification of an asset.
Validation of the model has been done by means of specific tests
and experimental results are provided.

Index Terms—WSNs, Radio Frequency, Energy Harvesting,
Wireless Battery Charger, Lithium Ion, Battery, Wireless Sensor
Networks, Internet of Things

I. INTRODUCTION

The very promising market of Internet of Things (IoT)
devices is leading to smart systems and advanced services.
Those innovative solutions require embedded communication
and sensing capabilities, signal processing, power management
and power generation. The main evolution so far is represented
by Wireless Sensor Networks (WSN).

As a consequence, the wireless node has evolved from a
simple tag transponder mostly used for short distance item
identification to a more complex device able to perform
sensing, data analysis and communication. These extra
performances require more energy, which in many cases is
provided by a battery which inevitably poses a problem
of costs, maintenance and miniaturization. In very common
working conditions [1] a significant reduction in battery power
consumption can be achieved by reducing or eliminating
standby power [2]–[6] that directly translates into higher
system lifetime or system miniaturization. Unfortunately,

this solution can alleviate maintenance and miniaturization
problems but it does not really solve them. For this rea-
son, where possible, such as in low duty-cycle sensors, it
is by far preferred to implement battery-free devices, with
the evident advantage to render them not-disposable, with
virtually unlimited lifetime and more cost efficient [7]. For this
reason, batteries are normally avoided and this leads engineers
to choose, as power source, primarily RF Wireless Power
Transfer (WPT) and where possible even radio-frequency (RF)
Energy Harvesting (EH) [8]–[11]. Except for the case of a
few centimeters distance between the power source and the
supplied device [12], [13], efficient WPT and RF EH is not a
simple task [14]. In fact, while RF energy has the advantage
to be pervasive, so that it can be conveniently transferred to
out-of-sight places, on the other side the efficiency of the
power transfer is very low [15].

All this suggests that engineers need to take a lot of care
in the design of the various parameters and devices involved
in WPT systems, such as the RF to DC converter, the power
transmitter and the antennas [16]. Regarding the RF to DC
converter, there are recent contributions in the design of
ultra-low power integrated circuits with system on chip (SoC)
that achieve a good level of integration and high performances
both in terms of power conversion efficiency (PCE) and power
sensitivity [17]–[21].

The aim of this paper is to study the RF WPT between
a power transmitter (hot-spot) and a power receiver (a
battery-free tag) in a typical asset tracking work environment
where the assets travel at a certain speed related to the
hot-spots. The peculiarity of this study is to evaluate WPT in
a dynamic environment where the distance between the power
transmitter and the RF to DC converter cannot be considered
fixed as they move related to each other at a defined speed.
This study case has been considered to identify the conditions
in order to allow the continuous tracking of a moving asset.
In particular, the focus of this investigation is to estimate the
minimum number of required hot-spots to continuously power
a moving tag. The paper is organized as follows. Section II
describes the system in terms of antennas, power transmitter,
RF to DC converter and the asset tag. It also introduces the
SoC used to implement the RF to DC converter. Section III
shows the static characterization of the proposed RF WPT



system, in terms of current at the output of the RF to DC
converter as a function of the distance from the RF power
transmitter. Section IV describes the dynamic characterization
of the RF WPT through both simulation and experimental
tests. Sections V reports the final conclusions.

II. SYSTEM DESCRIPTION

Fig. 1. Wireless Power Transfer system description

As shown in Fig. 1, the system consists of one or more
power transmitters and a SoC as RF to DC converter that
provides power to a generic asset tag. In this paper, a generic
asset tag with an energy requirement of 0.4 mJoule, which
corresponds to an average current consumption of 4 mA,
an acquisition time of 50 msec and a bias voltage of 2 V,
will be considered, consisting of the integration of a low
power microcontroller, humidity and temperature sensor and
Bluetooth Low Energy radio. It is implemented to be a
battery-free device as it is powered by means of WPT with a
SoC that performs the function of RF to DC converter. The
power receiver platform is a 2.5 µW SoC which integrates
a wide-bandwidth (350 MHz-2.4 GHz) RF to DC power
converter with an input power sensitivity as low as -18.8 dBm
and a maximum PCE of 45% at 900 MHz with an input power
of -10 dBm and the output voltage of 2.2 V. The ultra-low
power management is essentially a nano-power circuit with
a quiescent current as low as 75 nA that allows scavenging
power as low as µW.

III. STATIC CHARACTERIZATION OF THE RF TO DC
CONVERTER

A. Experimental measurements

In order to characterize the SoC, at the frequency of
900 MHz, in terms of current at the output of the RF to DC
converter as a function of the distance from an RF power
source, a set of measurements has been carried out inside a
semi-anechoic chamber, as shown in Fig. 2, where all the
surfaces are absorbing, except for the pavement which is
reflective. Each set consisted of different measurements of
V(vstor), which is the voltage across the storage capacitor
Cstorage, at different distances between an RF power source,
also called ”hot-spot”, and the SoC, also called ”tag”.

According to the time needed to charge Cstorage at the WPT
start-up, the current at the output of the RF to DC converter
has been characterized for each investigated value of distance.

Each measurement has been carried out in static conditions,
without mutual movement between hot-spot and tag. As any
capacitance current, the measured current is therefore linked
to the time in which V(vstor) rises from 0 V to the 2.2 V
maximum value, considering the capacitance Cstorage, equal
to 990 µF to store a 0.4 mjoule with a voltage that varies
from 2.2 V down to 2.0 V. Both the power transmitter and
the RF energy harvester are equipped with the Revie Pro
antenna provided by Laird [22]. A model of the current vs
distance behaviour has been therefore obtained and electrically
simulated in order to foresee the system response in case of
dynamic variation of the distance between the hot-spot and
the tag.

Fig. 2. Experimental setup: the hot-spot is on the left, the tag is on the right

B. Equivalent model of the RF to DC converter

The experimentally obtained results, at the frequency of
900 MHz, are represented by the black spots reported in
Fig. 3, where the current I, at the output of the RF-to-DC
converter, is given as a function of the distance d. The blue
curve implements a mathematical approximation (represented
by a 5th degree polynomial) used to cover the entire range
of distance values, since these measurements have been done
only at discrete values of distance, and therefore it is useful to
provide a model. The non-monotonic evolution is due to the
non-linear behaviour of the PCE of the RF to DC converter.

Fig. 3. Polynomial fit of the current vs. distance plot

The aim of this mathematical elaboration, implemented
through the software MATLAB, is to insert this model into
the electrical model of the system, in order to foresee the
behaviour of the capacitor voltage in case of dynamic WPT.



The polynomial equation expressing the current I as function
of the distance d is the following:

I = p1d
5 + p2d

4 + p3d
3 + p4d

2 + p5d+ p6 (1)

where the coefficients have the following values:

p1 = −0.00453 p4 = 0.03254

p2 = 0.02128 p5 = −0.01283

p3 = −0.03828 p6 = 0.00192
(2)

IV. DYNAMIC CHARACTERIZATION

A. Simulation results

In order to evaluate the case of a dynamic WPT, the
electrical model of the system has been simulated according
to a proper variation of the distance over time. A rotating
circular platform holds the hot-spot, whereas the tag is placed
on a fixed spot, out of the platform. In this case the hot-spot
is in movement while the tag is fixed, but it is equivalent
to the reverse case which is typical of asset tracking (tag
in movement and fixed hot-spot), since the mutual position
between them evolves as well. In Fig. 4 the geometrical
image of the setup is highlighted. The tag is represented by T,
whereas the hot-spot by H. It is supposed that H moves on the
superior semi-circle alternatively clockwise (continuous arrow
line) and anticlockwise (dashed arrow line). The movement in
the inferior semi-circle is neglected since there the hot-spot is
considered out-of-sight with respect to the tag, as highlighted
from the shadowed part of the figure. The angle between the
radius crossing the hot-spot and the radius r is α, whereas the
distance between the hot-spot and the tag is d. In the figure,
two possible positions of H are associated to the distances d1
and d2 and to the angles α1 and α2.

The distance d is therefore obtained as follows:

Fig. 4. Geometrical representation of the rotating platform

d =
√
(r sinα)2 + (dmin + r − r cosα)2 (3)

where the angle α ranges between -π/2 and π/2.

The angle α is related to the rotational speed of the platform
ω and to the time t as follows:

α = ωt (4)

In Fig. 5 the capacitor voltage V(vstor) evolution at the
cold start phase is simulated along with the current I at
the RF to DC converter output, through the software LT-
Spice, according to the variation of the distance over time,
as described by (3) and (4), considering that the hot-spot
moves at the speed of 0.1 m/s across an average distance of
0.85 meters passing in front of the tag which is placed at the
fixed minimum distance of 0.3 meters. As soon as the voltage
level reaches the maximum value of 2.2 V, the SoC circuitry
switches alternatively from the charge to the active phase and
the V(vstor) begins to fluctuate between two thresholds.

Fig. 5. Evolution of the simulated voltage (in red) and current (in blue) at
the RF to DC output in case of dynamic WPT

If the reverse situation is imagined, that is one moving tag
and a number n of fixed hot-spots, the aim of this investigation
is provide a simple model to derive the minimum number
of hot-spots that guarantees the power up of the moving
tag during the cold start phase. This is useful to give a
design approach for a continuous tracking of assets which are
provided with battery-free sensor nodes. Considering Fig. 5,
each step of V(vstor) at the start-up of the dynamic WPT is
the equivalent of one fixed hot-spot. The minimum number of
required hot-spots would be therefore 7 in this case.

B. Experimental results

In Fig. 6 the tested V(vstor) is shown. The hot-spot moves
with the platform at 0.1 m/s.

A minimum number n of 7 required hot-spots is confirmed.
In Fig. 7 an alternative experimental setup for the dynamic
characterization of the RF WPT system is shown. This setup
consists of a fixed tag, placed atop a tripod, and a number of
hot-spots, placed on a conveyor belt, at the mutal distance of
1 meter, and moving at the aforementioned speed, of 0.1 m/s.
A similar storage capacitor voltage has been tested.

V. CONCLUSIONS

In this paper, a system based on RF WPT to power a
battery-free tag for asset tracking has been investigated. The
most challenging requirement is to make this WPT able to
cope with the dynamic movements of the tags. In order to



Fig. 6. Measured storage capacitor voltage as a function of the time in case
of dynamic WPT: time division = 20 s/div ; Volt division = 0.5 V/div

Fig. 7. Setup and wave-forms of tests performed on the conveyor belt

solve this issue the following steps have been performed. The
proposed SoC has been characterized in order to derive a
proper design model able to estimate the minimum number
of fixed hot-spots to guarantee a continuous power supply of
a moving tag during its cold start phase. An analytical and
a SPICE model have been derived to forecast the minimum
number of hot-spots to successfully supply the power to a tag
during its cold start phase. The validation of the model has
been performed through specific experimental tests both in
the semi-anechoic chamber employing a rotating platform and
on field environment conditions employing a conveyor belt.
The experimental results have proven to be in agreement with
the models and confirm, for the given conditions of speed
and distance between the power transmitter and RF to DC
converter, the minimum requirement of 7 hot-spots to supply
an asset tracking tag.
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