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Abstract—The development of autonomous battery
powered systems which can be deployed in inaccessible
locations for sensing applications has determined the
development of various energy harvesting systems. Such an
energy harvester is the one developed by Powercast which can
convert the energy of radio frequency signals into useful
power. A model of the harvested power can prove to be a useful
tool for simulation purposes as it can provide, to some extent,
prior knowledge of available energy resources when optimally
deploying sensor networks.
To obtain an accurate model of the harvested energy we
have developed an experimental setup which has been used to
determine the harvested power in two different environments,
a hallway and a parking lot. We have developed the
experimental setup to determine the amount of power available
at the output of the radio frequency harvester which consists of
a current measurement system and a data acquisition system.
We have also modeled through simulations the harvested
power based on the characteristics of the transmitter and
receiver antennas and those of the environment.
We have compared the results obtained through in field
measurement with the ones obtained through simulation and
we have shown that within certain margins of error of
maximum 2 dBm one can successfully predict the amount of
energy the system can harvest. However the RF-DC and Boost
converter efficiency are also key factors in the quantity of
harvested energy.
Index Terms—energy harvesting, experimental setup,
modelling, performance analysis, radio frequency, simulation.

I. INTRODUCTION
Wireless sensor networks (WSNs) represent a specific
type of networks due to their unique characteristics such as
low cost, small dimensions, limited power resources and
self-organization capabilities. Such networks are used in a
variety of applications that range from environmental to
healthcare monitoring, industrial automation and even
military surveillance [1-2] to mention just a few. On one
hand WSNs provide endless opportunities for monitoring
and data gathering but at the same time pose serious
challenges when considering the fact that energy is scarce
and thus network lifetime is limited. As most applications
that use WSNs require in field deployment where human
access is seldom possible, efficient energy consumption
combined with any form of energy harvesting, such as solar
[3], thermal or mechanical [4], provide very attractive
solutions for extending the lifetime of such networks.
Efficient energy consumption can be obtained at the node
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level by using intelligent sleep/wake up intervals [5] and
also at the network level through adequate routing
algorithms combined with data aggregation and fusion
techniques [6-7].
Radio frequency energy harvesting is the process through
which ambient energy from various radio transmitters is
captured by a receiving antenna and converted into useful
power. The same principle is used in passive radio
frequency (RF) identification (RFID) devices which are
powered when subject to a signal of a certain frequency and
power. Usually, in order to obtain useful power levels from
radio frequency the receiver must be either in close
proximity to the transmitter or must be subject to many
transmitting signals.
In a recent study by Le et al. [8], a RF-DC power
conversion system is described which can efficiently convert
far-field RF energy to DC voltages for low received power.
The presented system can operate at a distance of maximum
44 meters with a received signal power as low as 5.5 µW (22.6 dBm) from a 4W Effective Isotropic Radiated Power
(EIRP) radiation source. According to the authors [8] the
system can provide a voltage of 1V DC and 0.3 µA at a
distance of 15 meters. Other examples of energy harvesting
systems are the ones developed by Powercast which are 915
MHz based devices that convert RF energy received from a
transmitter into effective DC power using the P2110 [9] RFDC converter. The energy harvested can be used to power a
sensor node or to recharge a battery. Such a device
represents the basis for our experiments and a detailed
description is available in section II.
The rest of this paper is organized as follows: section II
describes the radio frequency energy harvesting system that
has been analyzed and modeled, section III presents the
model used for predicting the input power, section IV shows
how the measurement of available charge has been
performed, in section V the results obtained through
experiments are described and section VI concludes this
paper and presents future work.
II. DESCRIPTION OF THE ENERGY HARVESTING SYSTEM
In order to determine the performance of an RF energy
harvester and find out the amount of energy which can be
harvested and what it can be used for we have evaluated the
Powercast P2110-EVAL-01 Energy Harvesting Kit for
Wireless Sensors [10]. The kit consists of the following:

One TX91501, a 3W EIRP 915 MHz transmitter
with an 8.1 dBi gain integrated antenna [11].

Two dipole (omnidirectional, 1.0 dBi gain) and two
patch (directional 6.41 dBi gain) antennas.
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Two P2110 energy harvesting boards which
convert the received signal from the TX91501 transmitter
with the help of the P2110 RF integrated circuit (IC) and
store it in a capacitor.

Two wireless sensor boards that can be attached to
the P2110 PCBs which when powered, provide temperature,
humidity and light information through a 2.4 GHz radio
module.

One access point development platform, which
receives data packets from the two previously mentioned 2.4
GHz wireless sensor nodes, and interfaces with a PC for
data output.
The key feature of this energy harvesting kit is the P2110
915MHz Powerharvester IC [9] which converts the received
RF signal to DC and stores it in a capacitor, as can be seen
in Fig. 1.
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B. Modelling antenna pattern
The transmitter module has the half power beam-width
(HPBW) of 60° in both planes, with vertical polarization
according to the producer. In standard right handed spherical
coordinate system [15], with the antenna placed in origin
point, the gain of the antenna can be calculated as follows:

G ( ,  )  G0  sin 2 p   cos 2 q

When a voltage threshold is reached (1.8V) on the
capacitor (VCAP output), enough energy has been harvested
to either power the 2.4 GHz wireless sensor node for data
acquisition and transmission or to enable the boost converter
to provide a regulated voltage output of 3.3 V which can be
boosted up to 5.25 V depending on the desired user
application. The circuit is internally matched to 50 Ω, can
operate down to -11.5 dBm input power and can provide a
maximum output current of up to 50 mA [9].
III. MODELLING POWER TRANSFER
A. Far field range
Since experiments were performed with the Powercast
module, we shall evaluate the far field range. As the
transmitting antenna is a patch type antenna, with patch
surface no more than 171.45 x 158.75mm, the casing size
[11], the far field range (margins of the Fraunhoffer zone)
for the antenna can be determined using the following
formula [12]:
2  D2 ,
(1)
Rf 



where D is „the largest dimension of the antenna” [13], in
this case the diagonal of the antenna (233.65mm), and λ is
the wavelength of the radio wave (327.64mm for 915MHz).
The formula is used when D > λ which is not the case here.
Otherwise far field can be safely considered starting from 3
λ [14] which means that the far field range starts
approximately 1m from antenna. Since we are interested in
finding the coverage range of the power harvesting link, we
will use the far field model.
28
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(2)

where G 0 is the antenna gain (adimensional), θ is the
declination, and φ is the azimuth. Exponents
p = 2.41
and q = 10 are calculated from HPBW condition [16].
Antenna gain is stated in the datasheet as being g 0 = 8.1 dBi
(logarithmic), but there is no indication of transmitter
power, but rather of EIRP as being P eir = 3W. The expected
gain of such an antenna will be [16]:
g 0  45 . 1 
(3)
10  log 10 ( HPBW horiz  HPBW vert )  9 . 5 dBi
where HPBWs in horizontal and vertical cuts are in
degrees. The basis of this formula can be found in [17] and
even if this is an approximative formula, we can take into
account the lower value of manufacturer datasheet gain due
to the dielectric (PCB) losses. This supposition is confirmed
also by the reception antenna, also a dipole, with a gain of
g d = 1 dBi, then non-logarithmic value for the dipole gain is
G d = 1.26. Thus, the power density pattern (excluding floor
reflection) for the transmitter would be:

S (r ,  ,  ) 
Figure 1. Block diagram of the P2110 Powerharvester Receiver IC [9]



Peir

 sin 4.82   cos 20
2
2
4  r

(4)

where r is the distance from the transmitting antenna. In
fact, we have used so called “product formula” or “sum
formula” for 3-D pattern interpolation [18]. Keeping in mind
that the receiving dipole antenna is at the same height as the
transmitting antenna (θ = π/2) and oriented towards
transmitter, the direct link budget would be, in mW:
Peir

Prx (r ,  ,  ) 
 sin 4.82 
2
4  r 2
(5)
2



2
.
04
cos 20 
 G d  2  cos 20  G d
2 4
2
r
G d was preserved separately in (5) – the since there are
other versions of receiving/harvesting antennas with
different gain. It is easy to spot out in (5) that at 1m from
main radiation direction, harvested power should be about
2mW with 0 dBi antenna.
C. Modelling ground reflections
Since measurements were performed on a marble floor,
we will determine the received power also considering the
influence of ground reflection. Considering various sources
we have chosen a value of electric permittivity between 8
and 10 in GHz range for marble and approximately 10 for
dry asphalt. We have chosen according to [19-21] εr = 8.6
with tg δ = 5.5·10-5 for marble, and εr = 10-j3 for asphalt.
For marble, the complex part of permittivity can be
neglected for reflection estimation purposes. For vertical
polarization the reflection coefficient can be determined
using the following formula [14]:

V 

 r  sin   r  cos 2 
 r  sin   r  cos 2 

(6)
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where ψ is the incidence angle (between secondary ray
and floor plane). It can be observed that ψ = θ – π/2.

strongest in our setup. For a complete analytic model it
would have been necessary to take into account another four
weaker reflections: one from the ceiling, one from front wall
and also two from lateral walls (which are to be taken into
account with horizontal reflection coefficient, whose
formula is similar, but not identical with the vertical one).
Models used in this paper are in fact a simple, one ray model
(5) and a two ray model (8).
We have performed Matlab simulations according to the
previously described method in order to determine the
amount of expected power which can be obtained at the
input of the receiving antenna using both the 1 ray and 2 ray
propagation models and considering marble and asphalt
ground reflections. The results are presented Section V
where they are compared with those obtained through in
field analysis of the energy harvesting system.
IV. MEASURING HARVESTED POWER

Figure 2. Modulus of reflection coefficient of the marble floor vs. incidence
angle – equation (6)

It can be seen from Fig. 2 that the reflection coefficient
cannot be totally neglected, since it can alter the signal with
3dB over 20 degrees incidence, and more for lower angles.
Variation in our case is between 0 (at about 4.4 m from
antenna, 20° incidence) and 0.43 (at 1m from antenna, 56°
incidence). For long distances the received power can be
written as [12]:
2

  
j  
Pr  Peir  
  1  v  e
 4  r 

2

(7)
where Δφ is the phase difference between rays (φ here is
not the azimuth).
Since we are considering short distances, and taking into
account all the attenuations, the received power is in our
particular case can be determined using the following
formula:
2

  
Pr  Peir  
 
 4  r 
1   v ( )  G d  cos p 1.37 1 ( ) 
exp( j 

2

r

2

(8)

1  cos
)
cos


where:   arctg (h / r ) and G d is receiving antenna
gain (the dipole). Dipole pattern (HPBW ver = 78°) is
simulated with [22]:
(9)
G dip ( ,  )  G d  sin 21.37 
and θ replaced with ψ, therefore the sin function is
replaced with cos – see explanation after (6).
Also, the cos exponent p+1.37+1 comes from three parts:
p=2.41 is the same from (2) and (4), 1.37 comes from dipole
(9) and 1 is due to the ratio of the distances: direct versus
total reflected ray length are in ratio of cos ψ as the
attenuation difference between the direct and reflected
optical paths is not neglectable for short distances. The term
1 cos is the length difference between the direct and
r
cos
reflected rays and represents the phase difference. Formula
(8) takes into account only the ground reflection, the

In order to determine the harvesting capabilities of the
previously described system and compare them to the ones
obtained through modelling, a setup for measuring has been
devised which we will further describe.
For determining the output current, a closed loop Hall
sensor system consisting of two current transducers one
used for measuring and the other as reference has been used,
ensuring minimal interference with the harvesting circuit
[23]. For the measurement of the output voltage over
different loads, a National Instruments USB 6251 data
acquisition system (DAQ) [24] has been used.
To be able to interpret the value of the actual current that
flows through the transducer and compensate for the
fabrication differences between the two transducers, an
automated calibration program was implemented in National
Instruments LabVIEW 2009 development environment. A
10 kΩ resistor was connected to the cooper wire of the upper
transducer. We have created a virtual instrument (VI) that
controls an Agilent N6700B profile modular power system
mainframe DC power source equipped with a 35V N6744B
DC Power Module. The VI prescribes a voltage ranging
from 0 to 32V DC with a step of 100 mV resulting in a
measured current from 0 to 3.2 mA with a step of 10µA.
The output voltage of the current measurement system and
the prescribed currents were stored in the form of a
compensation table together with the slope between two
consecutive points. These measurements have later been
used for self-calibration of the automated measuring system
when performing in field measurements. The block diagram
representation of the measuring setup can be seen in Fig. 3.

Figure 3. Measurement setup block diagram

As can be seen from Fig. 3, the boosted 3.3 output of the
P2110 energy harvester board is connected to an analog
input of the NI DAQ board. Also, at the output of the board,
a resistive load of 5 kΩ can be connected by controlling the
relay on the Hall sensor system board, and the prescribed
current is read also by connecting the output of the current
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measurement system to an analog input of the DAQ.
The energy harvested by the RF-DC converter on the
P2110 integrated circuit is stored in a super capacitor which
in turn powers the boost converter when the voltage reaches
1.8 V. The voltage drop over the super capacitor is also
measured using the DAQ system.
The control of the DAQ is performed with a NI VI that
we have developed which measures all previously
mentioned voltage drops and stores them in files together
with the time the samples have been acquired. The VI also
performs internal filtering on the signals using a 2nd order
Butterworth filter with a cutoff frequency of 1Hz.
At startup, the VI performs auto-calibration of the current
measurement system by acquiring its output voltage and
setting the 0 level, for a period of 60 seconds. The actual
output voltage level of the amplifier is converted into
current using the reference compensation table previously
generated during calibration and also using interpolation
between points.
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Both transmitter and receiver have been placed at the
same height of 1.5m. Measurements have been acquired by
placing the transmitter at different distances from the P2110
energy harvesting board beginning from 2m until the circuit
was no longer able to harvest any energy. This behavior was
noticed at a distance between transmitter and receiver of 8
meters for the hallway and 14 meters for the parking lot.
We have processed the measurements and calculated the
average output power of the energy harvesting board over a
5 kΩ load resistor. We have chosen a resistive load of this
size because the amount of energy available at the output of
the harvesting board should be enough to power a
microcontroller board equipped with sensors for data
acquisition and a 2.4 GHz wireless transmitter. The results
can be seen in Fig. 5.

V. EXPERIMENTAL RESULTS
The evaluation of the system using the previously
described measurement setup has been performed in two
different environments, a hallway (Fig. 4a) and a parking lot
(Fig. 4b).

Figure 5. In line measurement – average harvested power vs. distance

a.

b.
Figure 4a. Hallway measurement setup 4b. Parking lot easurement setup
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As expected the average output power decreases with
distance between the transmitter and receiver. However it
can be seen that there is an up to 8 dBm difference between
the amounts of energy the system can harvest in the two
different environments. The effects of reflection and
absorption from walls, ceiling and floor in the hallway has
an impact on the amount of energy harvested which does not
vary as abruptly as expected. After 10 meters however we
have been unable to harvest any power in the hallway. On
the other hand, the experiments performed in open space
show a behavior closer to our expectations due to the fact
that the environment has little effect on the receiving signal
strength and only ground reflections intervene. In an open
environment we have been able to harvest power with the
P2110 circuit from distances up to 14 meters.
We have also analyzed the amount of harvested power of
the system in an enclosed environment (a room) using two
different experimental setups as can be seen in Fig. 6a and
6b.
In both situations the transmitter was placed in a fixed
position on a wall at a height of 1.5 meters from the ground
and the receiver was also placed at the same height during
all measurements.
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a.

a.

b.
Figure 7a. Harvested vs. received power levels 7b. Received vs. 2 ray vs. 1
ray power levels

b.
Figure 6a. Harvested power analysis setup 6b. Spectral analysis setup

In Fig. 6a the harvested power at the output of the P2110
energy harvester was analyzed using the experimental setup
described in Section IV. The setup was placed on a mobile
table and the tiles on the floor were used as distance
markers. Measurements were performed by moving the
table in a matrix at each intersection of the tile beginning
from 1 meter away from the transmitter. The step used was
of 42.5 cm, the diagonal of the tile. As a result we have
obtained a map with the available power at each point in the
matrix. The maximum front distance we have measured was
of 4.85 m and the maximum lateral distance was of 3.4 m.
Under the same conditions we have also performed
measurements using the Agilent N9320B RF Spectrum
Analyzer as can be seen in Fig. 6b to determine the available
energy at the input of the RF-DC converter.
The obtained results were used to create a power map
which is depicted in Fig. 7. The map also contains the power
levels resulted from modelling and simulation using the 1ray and 2-ray ground reflection model.
It can be seen that in the case of indoor propagation there
are little differences between the two simulation models.
The 2-ray model resembles best with the original, but in
terms of error, both are in the same range of 5dBm
maximum error, mainly at large distances with 2.1dBm
standard deviation.

a.

b.
Figure 8a. Indoor harvested vs. received vs. modelled power, in line on
maximum radiation direction 8b. Powerharvester efficiency vs. RF IN
(dBm) [9]
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As can be seen from Fig. 8a there is a difference between
received and harvested power. The efficiency of the power
harvester can go as low as 1% or less for input levels below
-12dBm [9] as can be seen from Fig. 8b. Since the
manufacturer does not provide a detailed documentation
about the input circuit, it is difficult to obtain an accurate
prediction for the harvested power at low levels. As can be
observed from Fig. 8a the harvested power is lower than the
received power due to the efficiency of the RF-DC and
Boost converters circuit. However we have noticed that the
measured efficiency of the circuit exceeds the
manufacturers’ specifications and at -20 dBm input power
the efficiency of the circuit is still over 20% and not below
1% as can be seen from Fig. 8b. This can be due to other
unexpected RF fields existent in the measurement
environment.
VI. CONCLUSIONS AND FUTURE WORK
This paper describes the methodology used for analyzing
the performance of the Powercast P2110 915MHz RF
energy harvester. We have performed in field experiments
using a measurement system that we have developed which
is made up of a current measuring system and a NI DAQ.
We have also developed the programs that perform
calibration and measurement of output power. We have
modelled the power characteristics of the system through
simulations using the Matlab environment based on
formulas existent in literature. For a more accurate model
we have considered ground reflections and we have
calculated the reflection coefficients of the two different
surfaces on which we have performed measurements on.
Comparing in field results with the ones obtained through
modelling, using the one ray and two ray models and beamshaped antenna patterns in the 5 meters range of the
radiation beam, we have managed to predict the received
power level within 2dBm dispersion. As can be observed,
the two ray model resembles best with the measured
received power map, but does not increase the precision of
modelling despite its second ray complicated formula.
There are some differences in terms of harvested power
between the two environments (indoor and outdoor) which
come from variations of the received signal level due to
environmental reflections, but also from different efficiency.
We have noticed that below -10dBm input power level
prediction is very difficult. Since the datasheet operating
limit is -11.5dBm input power one can conclude that the
examined system has a 5 to 6 meters range in the main lobe
of radiation.
As future research directions we plan to study the impact
of using until five rays reflection model on enclosed
environments to determine if we can improve the estimation
of received power. We also plan to determine suitable
applications for such systems using mainly the two ray
model for power transfer which has been proved sufficiently
accurate. Using the obtained results we plan to research
optimum placement solutions for energy harvesting systems
for maximum efficiency of the harvested power.
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