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Abstract—Energy recycling has become very atractive due to
the extended usage time of devices. Among several forms of
recycling energy, radiofrequency (RF) harvesting is becoming
popular due to its immense availability mainly in urban envi-
ronments. The possible utilizations for such amount of energy
is mainly applicable for sensors nodes and, depending on the
quantity of antennas, charging low power consumption portable
devices. In this paper, we evaluate the feasible application of RF
waves for energy recycling as an energetic source for charging a
cell phone and furnishing power to embeded sensors. To validate
our analysis, we conducted an RF measurement campaign at
four important locations in Brasília, Brazil. Considering the
average incidence of -3 dBm, we have achieved the final value
of 2.18 mWh per day per antenna. In such context, and from
the energetic standpoint, the utilization concerning to powering
sensors was suitable for sensor networks applications, due to
its low power consumption. However, in order to apply the
RF energy harvesting in higher power consumption devices, we
propose a rectenna array system which increases considerably
the amount of recycled power. In particular, for massive MIMO
communication systems, our proposed solution would require
very little additional hardware being, therefore, very attractive.

I. INTRODUCTION

The pressure caused by increasing energetic needs com-
bined with the limited natural sources imposes the achievement
of an optimal exploitation of the produced energy. For physical
reasons, the produced energy cannot be completely exploited
and the concept of energy recycling plays an important role in
this context.

There are already some examples of energy recyclation
in the literature, such as artificial light [1], heat [2] and
Radiofrequency (RF) energy [3]. The RF energy recyclation
is of particular interest in broadcast systems, which transmit
electromagnetic signals in all directions. Note that for the
RF energy recycling devices, the information of the received
signals is not relevant. In practice, the signals captured by
the antenna are converted into energy in order to recharge the
device [4].

The RF energy recyclation depends on the ubiquity of the
RF in a certain environment. Therefore, in this paper, we show
the feasibility of the RF energy recycling in urban environ-
ments. We validate our proposal by performing a measurement
campaign in Brasília, Brazil.

In order to scavenge the RF energy, energy recycling
devices are equipped with antennas. The amount of energy
which is scavenged is mainly applicable for sensors nodes
and, depending on the quantity of antennas, charging a low
consumption portable electronic device. Wireless sensor net-
works (WSN) play an important role in the development of
emerging smart cities applications [5]. Therefore, our measure-
ment campaign in urban scenarios should show the feasibility
of the usage of RF energy harvesting by WSN. Moreover,
sensor nodes in WSN have severe energy usage constraints
due to their limited energy resources (batteries). Observing
this fact, the usage of RF recycling to energy harvest sounds
as a promising alternative to support and extend their operation
lifetime.

Inspired by antenna array communication systems, in this
paper we propose an improved RF energy harvesting system
based on a rectenna array. We show that, by increasing the
amount of rectennas, a significant gain due to the array gain
is expected.

The remainder of this paper is organized as follows:
Section II presents RF harvesting concepts, gathering the
main definitions which are necessary to face the problem of
scavenging energy from RF waves. Section III shows the state
of the art on practical results of efficiency concering to RF
energetic conversions. Section IV reports results of incident
RF waves at four locations in Brasília and expected results
given the measurements, with a brief discussion about the
possible utilization of the energy; Section V explicits our
proposed rectenna array system to be installed in order to
achieve a higher energetic performance in comparison with
standard single antenna solutions, and Section VI concludes
the paper.

II. RF HARVESTING CONCEPTS

The main objective of the RF energy harvesting system
is to convert the RF power from the space into usable direct
current (DC) electrical source [6], [7]. In order to achieve that,
a system with several stages is required. The first element
is the RF source, which is the TV and Radio broadcast
transmitters. The next necessary element is the RF receiver
with its matching circuit. While specifying it, one must pay
heed to the exploited band, since the management circuit is
placed at the input stage to equalize the impedance between
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the antenna and the next component of the circuit. Next,
the voltage booster and the rectifier are the items of the
highest concern, since the circuit for energy management may
constitute a point of power losses and, finally, the energy
storage system, which is a battery. Fig. 1 shows the sequence
of elements as here described.

Figure 1. Components of a RF energy harvesting system: the rectenna is an
antenna with a RF-DC interface [6]. Therefore, the receiver must be integrated
to a matching circuit, a voltage booster and the rectifier, whose output is often
connected to a battery.

According to [8], as ambient RF levels are lower than those
that can be provided by a dedicated RF source, the efficiency
of the harvesting system and its minimum startup power are
of critical importance. RF recycled power from TV broadcasts
is 100 times weaker than solar power [2]. On the other hand,
compared to solar energy, which can only obtain power during
daytimes under good weather, RF energy from TV broadcasts
can obtain power 24 hours, except during the maintenance
period.

Radio and TV broadcast signals are designed to cover
the entire range of human activities, and thus usually they
transmit RF intense waves [9]. The amount of received power
Pr depends on the distance decay d, the wavelength λ, the
gains of transmitter and receiver, respectively, Gt and Gr, and
obviously on the transmitted power Pt, as expressed by the
Friis free-space propagation equation:

Pr = (
λ

4πd
)2GtGrPt. (1)

Note that in a real environment, the received power can
be much less than in (1) [9]. The input RF power density is
calculated by summing all the spectral peaks across the band.
Therefore, they are used as a harvester designer starting point,
in such a way that each band will define the input impedance of
a rectenna [8]. Still from (1), one can perceive that the higher
the frequency, the lower the received power, since λ = 1

f ,
where f is the signal frequency.

III. STATE-OF-ART RELATED TO RF ENERGY
HARVESTING SYSTEMS EFFICIENCY

Even though the transmitted power at a broadcast station
has the order of more than several kilowatts, the received
power has the order of microwatts to milliwatts. Therefore,
the main utilization of RF haversting energy systems is for

wireless sensors (WS), since their power consumption is very
low. Another important aspect is that the WS may operate in
isolated areas where recharging is not possible. Consequently,
the RF haversting shows to be a promising solution. Generally,
a sensor node consumes more than 10 mW of power in order
to transmit a packet over a wireless link [9]. In many instances,
only a few miliwatts are needed to power wireless sensors [10].
Most commonly used wireless sensor nodes consume dozens
µW in sleep mode and hundreds µW in active mode [11].

Despite advancements in end-to-end circuits (i.e., input
RF to output DC), only a few power conversion attempts
with low input RF power levels at true RF energy harvesting
ambients have been reported. For example, one relatively
efficient rectenna, utilizing a modified omnidirectional patch
antenna, has an efficiency of 18 % with a single-tone input
RF power of 20 dBm [3]. This helps us to comprehend how
limited harvesting RF waves energy can be. Eq. (2) states how
the dBm intensity is related to the power in milliwatts.

dBm = 10 log10

(
P

1 mW

)
(2)

Expression 2 allows us to understand better the impact
of the maximum dBm power which is transmitted from the
antennas, as shown in Table I[12].

Table I. FREQUENCY BANDS OF ENERGY HARVESTING AND
RESPECTIVE MAXIMUM DBM POWER [12]

Standard Frequency Band of Max. Power

Bands (MHz) Interest (MHz) (dBm)

DTV 470 - 862 470 - 862 70
GSM 900, 1800 925-960 / 1805.2-1879.8 40

UMTS 2100 2110-2170 40
Wi-Fi 2400 2400 30, 20

IV. RF POWER MEASUREMENT CAMPAIGN PERFORMED IN
BRASÍLIA, BRAZIL

Several measurements in different periods of the day were
undertaken with the aim of evaluating the use of RF waves as
an ubiquitous energy source. Values of incident power, in dBm,
were measured from four points of Brasília (Brazil) with the
aid of a spectrum analyzer. The measurements were all carried
out approximately 1.7 meter above the ground.

In the measurement campaign, we have employed the spec-
trum analyzer Fieldfox N9912a, from Agilent, which spans the
range from 5 kHz to 6 GHz. The measurable dBm gains are in
the interval from -148 dBm to +18 dBm. This analyzer is void
of any antennas which might enlarge the real incident dBm.

The four surveyed points stay near two main targets of
research: the Digital Tower (15 41’57.67”S / 47 49’46.47”O)
and the TV Tower (15◦47’25.49”S / 47◦53’29.45”O)1. For
each target, two sites were chosen to verify the incident power

1All places here described had their coordinates drawn from Google Earth.
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in dBm values. The sites selected to take measurements from
the Digital Tower are described in Table II.

Table II. DESCRIPTION OF EACH ONE OF THE FOUR POINTS AT WHICH
DBM MEASUREMENTS WERE MADE

Place Coordinates Location

1 15◦41’29.70”S / 47◦51’13.96”O 1 km away from the Digital Tower

2 15◦41’59.46”S / 47◦49’50.38”O In front of the Digital Tower

3 15◦47’25.13”S / 47◦53’28.88”O In front of the TV Tower

4 15◦47’39.61”S / 47◦53’11.72”O 300 m away from the TV Tower

These places are depicted in Fig. 2.

Figure 2. The map of Brasília, Brazil, with the indicated 4 places on which
RF spectrum intensities were measured.

A remarkable aspect is that the Digital Tower is out of
service, however it is surrounded by many radio antennas.
During the measurement campaign, we found out that this part
of the city has plenty of transmitters all over, and therefore it
was used still as an area of investigation.

Each one of the four places was visited three times in
May 11th 2013 in order to register morning, afternoon and
evening dBm values. The dBm power level took into account
the corresponding frequency. Therefore, several measurements
over different frequencies were taken so that we could feature
the dBm behavior according to the part of RF spectrum. The
graphs made for each place, as shown in Figs. 3(a), 3(b), 3(c)
and 3(d), comprised values over the entire day.

At a first glance, Figures 3(a) to 3(d) allow us to conclude
that the TV Tower, nearer to places 3 and 4, conveys the
highest measured amount of dBm, since only in these places
positive dBm values were found. Place 2, in the parking of
Digital Tower, and place 3, in the parking area of the TV
Tower, are situated in very similar distances to their respective
targets. Such observation provides us the conclusion that TV
Tower constitutes the point from which flows the greatest
amount of watts.

Figure 3. Measurements of incident dBm power according to frequency for
the places listed in Table II. Each one of these four graphics encloses morning,
afternoon and evening data.
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Significant low values are obtained from sources which are
not transmitter antennas: according to [13], the Earth receives
1 nW/m2 from a magnitude +3.5 star, which corresponds to
-60 dBm. These values are not useful for the slight power.
Therefore, a better analysis arises from the set of the dBm
values which overcome -15 dBm: the set of these values are
depicted in Fig. 4. The measurements of the four places are
here gathered and their points are described by different colors.
One can notice the predominance of Place 3 with several
points, whereas Place 2 has just one point in this set of data.

Figure 4. Results which overcome -15 dBm, here called “best results”, with
values properly signalized in order to show participation of each place in this
group.

The most concentrated part of the spectrum graph stood
around 90 MHz. In Fig. 4, all measurement points with regards
to places 1 and 4 caught signals around 90 MHz, as well
as the only value of Place 2 which shows up here. Place 3
bears points here and in the other parts of the graph. The
main conclusion is that since we intend to avail ourselves of
the incident RF power, the range of frequency 90-100 MHz
is the most indicated interval to achieve an efficient energy
harvesting scheme. All observed places have relatively good
dBm values into 90-100 MHz, and the best dBm values are
also in this range. Therefore, the higher probability of success
involves this interval.

There are 24 points appearing in this graph, three being
in overlap. From the 24 points, 9 were taken in the morning,
8 were taken in the afternoon, and 7 were recorded in the
evening. Accounting on this observation, we assume that the
period of the day is not relevant for obtaining higher or lower
values of dBm. The distance to the target and the target itself
are considered much more important.

V. PROPOSED RECTENNA ARRAY SYSTEM FOR RF
ENERGY HAVERSTING

In this section, first we present the gain of using more
than one rectenna for the energy haversting, then we show our
proposed rectenna array system.

Eq. (2) provides a rapid way to calculate the incident
power as a function of the measured dBm. Table III contains
a brief set of examples of values which come from the simple
application of (2).

Crossing the average efficiency of 18 % achieved in [3]
with an incident power of -3 dBm, which is near to the mean
over the graph shown in Fig. 4, we achieve the average power

Table III. INCIDENT POWER AS A FUNCTION OF DBM VALUES -
EXAMPLES

dBm -10 -6 -3 0 1 2 3

Power (mW) 0.100 0.251 0.501 1.000 1.259 1.585 1.995

of 86 µW. During 24 hours, the total energy harvested achieves
2.18 mWh. This amount of daily power will be multiplied for
the number of antennas, resulting on the daily available energy
for the complete group of RF harvester antennas.

From [1], it is seen that the necessary energy to charge
completely the Samsung B3210 cell phone, which uses a 800
mAh Lithium-Ion rechargeable battery, is about 3.712 Wh. The
result of 2.18 mWh should therefore comprise 170 antennas if
we intend to charge 10 % of the cell phone along one day. If
we counted on an incident power of +1 dBm, the result within
a day would be 5.44 mWh per antenna. In this hypothesis, the
necessary number of antennas to afford all the energy to the
cell phone during one day is 68 antennas.

Alternatively, if we desire to charge a wireless sensor (WS),
then less RF recyclation power is necessary. A sensor node
consumes more than 10 mW of power in order to transmit
a packet over a wireless link [14], [15]. Most commonly
used wireless sensor nodes consume dozens in sleep mode
and hundreds µW in active mode [16]. Taking the hardest
hypothesis into account, i. e., trying to charge the sensor
with 10 mW, about 20 antennas are needed counting on the
incidence of -3 dBm RF waves.

The accomplishment of such results is achievable only if
several antennas are adopted in array, given that the power
provided by each antenna is very low. From [17], one might
see that “Massive MIMO” can handle between 50 and 500
antennas. Our energetic goals contain examples that are into
this range, if they do not fall short of it. However, any project
of antennas array which handles a large number of units should
pay heed to prevent problems related to destructive interfer-
ence, given that it may occur depending on the Direction of
Arrival (DOA) of the incident waves.

In order to avoid such hindrances, a different scheme is
here adopted. Each antenna is set to constitute a rectenna,
as that one of Fig. 1, wherein each rectenna is the result of
gathering the RF receiver, the matching circuit, the voltage
booster and the rectifier. The squared broken line of Fig. 1
contains these elements. Each rectenna of Fig. 5 is therefore
an assemblage of the same elements, in which the battery is
not part of the rectenna, being rather an external element.

Several batteries might be installed in series, and the reason
for that is the expected low voltage brought for each rectenna,
even with the aid of the booster inside a rectenna. Deploying
several batteries in series, one can provide a not so low voltage
for the external load. A diode is placed in the conductor
to avoid current to flow backward. Hence, the number of
antennas calculated in the previous Section have their expected
framework here explicited. The advantage of this array of
rectennas is that DOA may not reduce the overall power which
is drawn from the incident waves.
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Figure 5. Proposed rectenna array system for high efficiency RF energy
recyclation. A rectenna is an assemblage of the RF receiver, the matching
circuit, the voltage booster and the rectifier. Note that the connection of the
rectennas is performed in a serial fashion.

VI. CONCLUSION

In this paper, we have evaluated the feasible contribution
of RF waves that may be converted into energy by means of
measuring their energy in dBm over four points into Brasília,
Brazil. Counting on the global percentage efficiency of 18 %,
which is related to incident RF waves converted into final
energy, and the average incidence of -3 dBm, we have have
achieved the final value of 2.18 mWh per day with a single
rectenna RF harvesting device. Therefore, as a further step, we
have proposed a rectenna array device, which can significantly
increase the efficiency of RF harversting systems.

The possible utilizations for such amount of energy are
mainly applicable for sensors nodes and, depending on the
quantity of antennas, charging a low power consumption
electrocnic device might be possible. With an incident power of
-3 dBm, charging 10 % a cell phone would take 180 antennas;
enhancing the incident power to +1 dBm, charging a cell
phone takes 68 antennas. Givent that the miniaturization of
such amount of RF energy harvesting antenna system is not
straightforward, this system could be installed on the walls of
buildings close to the transmitter antenna.

Charging a sensor node involves only 20 antennas per node.
This is specially relevant if one considers the difficulty which
there is in changing the batteries of the sensors, given that
they are often far away from any energetic infrastructure, or
even located in inaccessible points. Considering either low
consumption electronic devices or sensors, all these quantities
of antennas might result in possible deployments of antennas
onto walls and buildings, which proves that it is possible to
make profit of RF waves everywhere.
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