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Enhancing RF-to-DC conversion efficiency
of wideband RF energy harvesters using
multi-tone optimization technique

ve’ronique kuhn, fabrice seguin, cyril lahuec and christian person

In this paper, a 1.8–2.6 GHz wideband rectenna is designed for radio frequency (RF) energy harvesting in the context of wire-
less sensor nodes (WSN). To assess the feasibility of ambient RF energy harvesting, the power density from RF base stations is
analyzed through statistical measurements. Power density measurements are also performed close to Wi-Fi routers. Using
these results, a methodology based on impedance matching network adaptation and maximum power transfer is proposed
to design the wideband RF harvester. Using this method, three RF bands, i.e. GSM1800, UMTS and WLAN, are covered.
The theoretical analysis is confirmed by simulations and measurements. From measurements results, the prototype
RF-to-DC conversion efficiency is 15% at 220 dBm from 1.8 to 2.6 GHz. It is shown that with three RF sources in the
chosen bands, each emitting at 10 dBm, the RF-to-DC conversion efficiency is 15% better compared to that measured with
a single RF source. Finally, 7 mW is harvested at 50 m from a GSM1800 and UMTS base station. This value confirms the
RF harvester workability to supply small sensors.
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I . I N T R O D U C T I O N

Most wireless sensor networks (WSN) are battery powered.
Despite significant progress, batteries still have a limited lifetime.
This explains the motivation to find alternative ways to power
these objects. A promising method consists in harvesting
energy from the ambient environment of the microsystems.
Besides using thermal gradients, mechanical vibrations, or
light waves as sources of energy, electromagnetic waves have
recently drawn interest as a possible source of energy [1].
Unlike most energy sources, the electromagnetic or RF energy
sources are continuously available. Although being ubiquitous
in our daily lives, the drawback of RF sources is that the power
density they can provide is low compared to other sources [2].
In order to assess the practicable locations of ambient RF
energy harvesters, the RF power density level in the sensor envir-
onment has to be quantified. In addition, due to the multitude of
sensor applications, these measurements have to be made in
various environments, i.e. city, countryside [3, 4].

The goal of an ambient RF energy harvester is to convert the
RF energy received from RF ambient sources into DC power.
Such harvesters are called rectenna (rectifying antenna) [5]. A
typical rectenna circuit consists of a receiving antenna followed
by an impedance matching network, a rectifier, a DC filter and a
load. Previous works focusing on RF harvesting circuits have

been presented for a single frequency operating band [6, 7].
The functionality of such harvesters is drastically degraded if
the operating frequency is changed from the optimal resonance
frequency. So, a single-tone rectenna is not suitable in ambient
environment as the predominant frequencies are different
depending on the sensor location [2]. Other works report mul-
tiple single frequencies, which are used to increase the amount of
power harvested [8–10]. This type of rectenna benefits from the
accumulation of RF radiation for several frequencies and its
RF-to-DC conversion efficiency in ambient environment is
potentially higher than that of a single-tone rectenna [8]. But
such rectenna type is frequency selective and does not take
into account the entire RF base stations bandwidth available.
To cover this issue, RF wideband rectennas appear as an oppor-
tunistic solution. It is not tuned to specific frequencies but to
various signals over a bandwidth, typically several hundreds of
MHz [11]. The issue of such a technique is its low RF-to-DC
conversion efficiency compared to the multi-band ones. In
order to improve the RF-to-DC conversion efficiency on a
wide RF band, a new wideband filter synthesis technique is pro-
posed in this paper. It takes into account both wideband behav-
ior constrains as well as impedance matching conditions of the
different involved components, e.g. rectifier and antenna. In this
paper, a method to calculate the RF filter components values
yielding the maximum power transfer on RF frequency bands
chosen is described. This method is used to design a rectenna
covering the GSM1800, UMTS and Wi-Fi frequency bands.
Simulation and measurements confirm the proposed architec-
ture efficiency is at least 10% better compared to previous
work [11, 12].
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The paper is organized as follows: Section II shows the RF
power density measurement data produced by RF base sta-
tions in France and local Wi-Fi transmitters. Section III
explains the structure of a wideband RF harvester. Section
IV, describes the design method to maximize energy transfer.
Finally, Section V presents the RF wideband harvester mea-
surements. Section VI concludes the paper.

I I . R F P O W E R D E N S I T Y :
M E A S U R E M E N T D A T A

Before starting the design of RF harvesters it is of interest to esti-
mate the power density RF base stations can provide in different
living environments. Data can be available from measurement
campaigns usually performed to evaluate the exposure of the
population to electromagnetic fields [2, 13–15]. So, in order
to complete these reports, raw data provided by the French
National Frequencies Agency (ANFR) have been used to
compute the statistical results presented in this section.

A) Preliminary indications
Relay antennas transmit continuously with a power ranging
from few watts up to 30 W depending on the geographical
coverage and the type of cells considered [16]. Geographical
indications of points of emission, He, and reception, Hr, are
detailed on Fig. 1. Since loss is a function of the distance
between two points, i.e. emission and reception, both the
ground distance d, and the height difference, Delta, must be
taken into account [17].

B) Summary of ANFR data
On the ANFR web site, an interactive map is available [14]. It
provides power measurements and parameters information
from RF base stations. From these raw data, the average
power density and the standard deviation are calculated for
200 measurement points in urban environments and 200
other in the countryside.

The three predominant RF bands from all RF transmitter
base stations are GSM900, i.e. 935–960 MHz, GSM1800, i.e.
1805–1880 MHz and UMTS, i.e. 2110–2170 MHz. Tables 1
and 2 summarize the calculation results for these three RF

bands. Either in urban environments or in the countryside,
GSM900 and GSM1800 base stations emit similar RF power
density levels. For either RF base stations, the average RF
power density is 30% higher in urban environments than in
the countryside. It has to be noted that the measurements con-
ditions between Tables 1 and 2 are slightly different. This is
linked with the emitter point heights, He ¼ 25 m for a
micro cell and He ¼ 35 m for a macro cell. The higher stand-
ard deviation in the countryside implies a higher dispersion in
term of RF power density compared to the data in urban
environments. So, the latter is more appropriated for the RF
harvester workability.

C) Wi-Fi routers and indoor exposure levels
Wi-Fi signals appear today as widely available RF sources in
ambient environment. Consequently Wi-Fi can be considered
for providing energy to sensors, if acceptable RF powers
remain available. In France, the radiated power of a Wi-Fi
router must not exceed 100 mW, as regulated by the
Autorité de Régulation des Télécommunications (ACERP)
[18]. Nevertheless, French routers are configured to radiate
50 mW [19]. Since data on Wi-Fi exposure levels are not
readily available in the literature, measurements have been
performed to compare the RF power transmission of two dif-
ferent routers. A portable dosimeter [20] placed 50 cm from
two different Wi-Fi routers [21, 22] show that same power
levels are obtained. Moreover, the radiated power does not
depend on the number of users but only on whether data
are downloaded or not. It is lower in the latter mode.

D) Summary
The RF power density from a Wi-Fi signal remains lower than
that of a GSM base station. But Wi-Fi is more or less confined
to indoor environments and the distance to a router is
usually small. In this case, high power density levels can be
obtained. An RF harvester has to be located at most at 300 m
from an RF base station or at few meters from a Wi-Fi router.

All these measurements highlight that the RF power
density is low in ambient environment. So, harvesting multi

Fig. 1. Geographical measurement indications with d: distance between
emission and reception points. Hr and He are the heights of reception and
emission points, respectively.

Table 1. Average RF power density and standard deviation measured in
the countryside.

Parameters GSM
900∗

GSM
900†

GSM
1800∗

GSM
1800†

UMTS∗ UMTS†

RF power density (mW/m2) 0.84 0.11 0.81 0.12 0.35 0.11
Standard deviation 0.27 0.23 0.29 0.21 0.29 0.18

∗Conditions: d ¼ 50 m and Delta ¼ 30 m.
†d ¼ 200 m, Delta ¼ 30 m.

Table 2. Average RF power density and standard deviation measured in
urban environment.

Parameters GSM
900∗

GSM
900†

GSM
1800∗

GSM
1800†

UMTS∗ UMTS†

RF power density (mW/m2) 1.18 0.26 1.11 0.25 0.5 0.13
Standard deviation 0.18 0.2 0.15 0.19 0.2 0.18

∗Conditions: d ¼ 50 m and Delta ¼ 20 m.
†d ¼ 200 m, Delta ¼ 20 m.
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RF bands is a relevant solution to increase the amount of
power harvested. A wideband RF harvester design is presented
in the following section.

I I I . W I D E B A N D R F H A R V E S T E R
A R C H I T E C T U R E

A) Global topology choice
In order to harvest RF energy from several frequencies, either
wideband or multi-band can be investigated. The difference
lies in the design of the RF filter design. In the multi-band
case, several specific frequencies are selected. One of the two
possible architectures is illustrated on Fig. 2(a). The RF filter
is designed to select a specific frequency. Then, several recten-
nas are stacked in parallel and their DC outputs are added to
the same load [8–10]. In [8], this principle is used for three RF
frequencies. With an incident power of 215 dBm per fre-
quency, 45% RF-to-DC conversion efficiency is obtained at
0.9 and 1.8 GHz and 25% at 2.45 GHz. The issue of this top-
ology is that no energy is harvested outside the selected
frequencies. Furthermore, it is not suitable for compact appli-
cations due to the number of antennas used. Figure 2(b) illus-
trates another architecture to harvest multi-band RF
frequencies. Only one RF filter is designed to select several
specific frequencies. A dual band prototype has been designed
in [23]. For an incident power of 215 dBm at 1.8 and
2.1 GHz, a power efficiency of 40% is obtained for both fre-
quencies. Few works are reported with this RF filter topology.
In most prototypes, no more than two frequencies are used
due to the filter design constraints. Indeed, additional frequen-
cies make the RF filter complex to design and the losses
become predominant. This causes a drastic decrease in

RF-to-DC conversion efficiency [24]. Generally speaking,
multiband harvesters require highly selective RF filters. The
difficulty to design these filters lies in the fact that each
branch has to be adapted for the dedicated frequency and
has to be seen as an open circuit for the other branches for
the rest of the RF band. For instance, the proximity
between 2.1 and 2.4 GHz bands requires high order RF
filters, with drawbacks concerning induced losses and com-
plexity. So, neither this topology has been considered.
Figure 2(c) shows the wideband approach. This topology
relaxes the inter-band isolation criterion since the RF filter
is designed to pass signals over a wide bandwidth. In [11],
for an incident power of 230 dBm and a 300 MHz band-
width, a RF-to-DC conversion efficiency of 5% is obtained.
The global RF-to-DC conversion efficiency is lower compared
to that of the multi-band harvesters but it is operational on a
wide RF frequency band. It is consequently less sensitive to RF
spectrum availability. Figure 2(d) illustrates the architecture
proposed in this paper. It benefits from both the multi-band
and wideband concepts. Several rectennas are parallelized
and their DC outputs are added to the same load. The
number of branch is not limited.

By carefully selecting the bandwidth around each fre-
quency, it is then possible to harvest energy within a wide
frequency band, as illustrated on Fig. 2(e). To ensure the
best possible RF-to-DC conversion efficiency, selecting the
right rectifier topology is crucial as shown on the following
section.

B) Rectifier criteria
Several rectifier topologies exist depending on the incident
power and frequency. Some examples are given on Fig. 3. The
series topology, Fig. 3(a), is preferred to the other ones when

Fig. 2. (a) Several RF monotone rectennas parallelized, (b) one multi-band RF filter, (c) wideband RF harvester, (d) wideband RF harvester topology proposed and
(e) RF filter bandwidth enlarged to create a wideband RF harvester.
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considering low incident power [9, 23, 24]. Other structures like
voltage doubler [8, 25, 26], Fig. 3(b), or Greinacher [27] illu-
strated on Fig. 3(c), have higher DC voltage levels than series
structures for a given input power level. The association of
several rectifiers as described in the previous section and illu-
strated in Fig. 2(a), can also directly affect the overall efficiency
of the architecture [28]. Indeed, rectifiers have a differential or
single-ended output. The association of two Greinacher rectifiers
allows a better DC summation [27] than two series rectifiers. But
two staked Greinacher rectifiers require higher incident power
than two series rectifiers to switch on the numerous diodes.

Consequently, choosing the rectifier topology implies a
compromise between output voltage, incident power and
DC output associations. The optimal trade-off, in the
context of outdoor Wireless Sensor Nodes (WSN), is the
single series diode structure as demonstrated in [29].

C) Schottky diode choice
The diode used in the rectifier is a determinant component in
case of low levels of incident power. When only low power
levels are available in the environment, the magnitude of the
incident signal can be closed to the threshold voltage VTH.
Then, losses in the diodes themselves become predominant
[30]. A solution to overcome this problem is to use “zero
bias” Schottky diodes with low VTH, e.g. 150 mV. In the litera-
ture many prototypes are designed with the SMS7630 [23] or
HSMS2852 [8] Schottky diode. Diode HSMS2852 is not con-
sidered due to its high junction capacitor [10]. In [12], three
different diodes are compared. Out of the three the
SMS7630 has the lowest threshold voltage. Another diode
with the same VTH is the MSS20-141 diode which is used in
commercial dosimeters. In order to choose between the
SMS7630 and the MSS20-141 diode, two series rectifier have
been fabricated and tested. A R&SwSMJ100A power gener-
ator directly connected to the rectifier emulates the RF
source. At 1.8 GHz, the input power level is swept from
230 to 0 dBm and the DC output voltage is measured on a
1 kV load. The power efficiency, h, is defined as (1), where
Pdc is the DC output power and Pin is the RF input power.

h = Pdc

Pin
. (1)

The measured RF-to-DC conversion efficiencies of the two
series rectifiers as a function of the input power are shown on
Fig. 4. The best diode to design the rectifier with is the
MSS20-141 since it offers the highest efficiency for incident
power lower than 25 dBm.

Once the topologies of the RF harvester and of the rectifier
and the diode have been chosen, the goal now consists in
designing the harvester for maximum power transfer from
the antenna to the load over a given frequency bandwidth.
For this purpose, a design methodology valid for any band-
width is proposed in the next section.

I V . D E S I G N M E T H O D T O M A X I M I S E
T H E P O W E R T R A N S F E R

A) Matching network designed
Thanks to the maximum power transfer theorem, the highest
power is transferred to the load if the source and load complex
impedances are complex conjugates [31]. This is achieved by
means of an impedance matching network placed between the
antenna and the rectifier. Whenever a source or a load has a
reactive component, the adaptation depends on the frequency
for which it is designed. Thus, the matching network is also con-
sidered as an RF filter. The most frequently used matching net-
works are the L, theP and the T networks [32, 33]. Regarding the
matching network concept, the ratio between the energy stored
in the filter and the energy dissipated, denoted the quality factor,
Q, is an important parameter. A high Q means a small amount of
energy dissipation but also a narrow bandwidth.

The RF harvester is illustrated on Fig. 5(a). To design the
impedance matching network, the input impedance of the rec-
tifier, Zrect, is first determined. The receiving antenna is
modeled as a simple resistor Ra, which can also depend on
the frequency. The RF harvester is simulated using the
Advanced Design System (ADS), software from AgilentTM.
To take into account the non-linear behavior of the rectifier,
harmonic-balance method is employed. As shown on
Fig. 5(b), Zrect varies with frequency and incident power.

Despite the variations, Zrect is within the highlighted zone
of the Smith Chart, Fig. 6(a). This figure shows the L topology
can be used as matching network. This 2-variable network can
be easily tuned for a given load impedance. However, no other
design parameters such as parasitic effects, harmonic rejection
or bandwidth control can be adjusted. For these purposes,
both the P and T-networks, shown on Fig. 6(b), are best
suited [34]. Points A and B on this figure are examples of
input impedances of circuits to adapt. The T-network is

Fig. 3. Three topologies of rectifier: (a) series, (b) voltage doubler and (c)
Greinacher.

Fig. 4. RF-to-DC conversion efficiency measured for two series rectifier: one
with the metelics diode and the other one with the SMS7630.
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chosen as it correlates with the Zrect zone of Fig. 6(a). The RF
harvester designed is depicted on Fig. 7.

In order to increase the bandwidth and suppress undesired
high frequencies close to the resonance frequency Fs (2), a cap-
acitor C3 in parallel with an inductor L3 replaces the usual
shunt capacitor of the T-network.

Fs =
1

2p
������
L3C3

√ . (2)

However, with four component variables, virtually unlimit-
ed combinations of inductor and capacitor values may be used
to achieve the desired impedance matching condition. So, an
optimization process is required to achieve the design goal.

B) Optimization process
The purpose is to calculate the component values of the
matching network designed such that the maximum power
is transferred from the receiving antenna to the load in the
chosen RF band. Considering the circuit of Fig. 8, the receiv-
ing antenna impedance seen by the matching network is equal

to Ra. The load is the input impedance of the rectifier modeled
as Zrect ¼ Rrect + j∗Xrect. As Zrect is complex, the reactance Xrect

can be absorbed into the impedance matching network, hence
L2B ¼ L2 + Lrect.

H(v, Q)| |

= 2(Rrect/Ra +1)Q−2(4Q2Rrect/Ra − (Rrect/Ra −1)2)

4 Rrect/Ra +1
( )2

Q− Rrect/Ra +1
( )

4Q2Rrect/Ra
([

− Rrect/Ra −1
( )2)− Rrect/Ra −1

( )2
Qv2

p

]2

+ Rrect/Ra −1
( )2

3vp −v3
p

( )
+ 2 Rrect/Ra +1

( )
Q

([

−8Q2Rrect/Ra) 3vp −v3
p

( )]2

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

1/2 ,

(3)

where vp ¼ v/vc and Q = 1
2

XL1

Ra
+XL2B

Rrect

( )
,

Fig. 5. (a) RF harvester schematic. (b) Rectifier input impedance: real part (upper plane) and imaginary part (lower plane) depending on the incident power and
on the frequency.

Fig. 6. (a) Rectifier input impedance, L network. (b) T and P network on the Smith chart. A and B are input impedance circuit examples

Fig. 7. Harvester topology including RF filter circuit. Fig. 8. RF filter schematic.
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L1 =
Rrect(2Q0 −

�����������������
4Q2

0Rrect/Ra − (
√

Rrect/Ra − 1)2

vc(1 − Rrect/Ra)2 , (4)

L2 =

Rrect(2Q0Rrect/Ra

−
��������������������������������
4Q2

0Rrect/Ra − (Rrect/Ra − 1)2
√

vc(1 − Rrect/Ra)
− Lrect , (5)

C3 = 2Q0

vcRrect(1 + (L1/Ra)2)
, (6)

L3 =
Bwidth

4p2C3F2
s

. (7)

The voltage transfer function, H(v), can be expressed as a func-
tion of the quality factor, Q (3). Furthermore, the network com-
ponents have been expressed as a function of Q in (4)–(7). It has
to be noted that L3 depends on the RF filter bandwidth Bwidth,
which is another degree of freedom in the design. The goal
here is to maximize the power transfer in Bwidth.

An algorithm has been developed and is illustrated on
Fig. 9. Q0 is obtained by nulling the derivative, with respect
to Q, of the filter transfer function. As the rectifier input
impedance Zrect is not constant, several Zrecti are computed
over the bandwidth, Bwidth. This allows finding filter compo-
nents values L1i, L2i, L3i, and C3i. This calculation is iterated
until the RF filter output impedance, Zout,RFfilter, is matching
with the conjugate of the rectifier input impedance, Zrect,
over the bandwidth considered with a 1% tolerance. At the
end of the process, the optimum quality factor Q0 is obtained.
For a given bandwidth the highest Q0 is always obtained since
Zout,RFfilter matches Zrect, i.e. maximum power transfer and
thus maximum conversion RF-DC efficiency.

A Matlab# program has been used to solve these equations
by means of the Newton’s method to obtain the optimum
impedance adaptation in the chosen RF band. The optimiza-
tion process is done with vc ¼ 1.8, 2.1, and 2.4 GHz, Bwidth ¼

200 MHz, Pin ¼ 215 dBm, and N ¼ 20.

V . P R O T O T Y P E A N D
E X P E R I M E N T A L R E S U L T S

A) Prototype design
The prototype has been designed for three RF bands. Based on
power density data given in Section II, GSM1800, UMTS2100
and Wi-Fi bands are selected. The proposed design method is
applied to compute the components values of the three corre-
sponding RF filters having Bwidth ¼ 200 MHz. The bandwidth
of 200 MHz has been selected in order to be able to harvest
RF energy between 1.8 and 2.5 GHz as the GSM1800, UMTS
and Wi-Fi are closed to each other. Indeed, the GSM1800
entire band is from 1710 to 1880 GHz including UL, i.e.
UpLink, and DL, i.e. DownLink, modes, the UMTS band is
from 1920 to 2170 GHz (including UL and DL modes) and
finally the Wi-Fi band is from 2.41 to 2.48 GHz.

Agilent ADS harmonic balance is used to simulate the rec-
tifier DC output voltage as a function of the frequency. The
Schottky diode is the Metelics MSS20-141 and the DC filter
is a 3.3 nH self in series and a 68 pF capacitor in parallel.
The input power is set to 0 dBm. The antenna impedance,
Ra, is set to 50 V in the considered RF band and RL to 430 V.
This load has been set to this value as it corresponds to
several sensors input impedance [35]. The frequency response
in terms of DC output voltage for an RF harvester, Fig. 10(a),
for each of the three RF bands is simulated with the compo-
nents values from Matlab#. As illustrated on this figure, each
RF band is covered and the bandwidth is around 200 MHz.
It has to be noted that depending on the RF bandwidth
chosen, the value of Q0 changes. The DC output voltage for
an RF harvester designed for the UMTS band, is simulated as
a function of the frequency for several Q0 values as illustrated
in Fig. 10(b). The higher Q0 is, the narrower the RF bandwidth
is. Although the method correctly evaluates the components
values, it does not take into account parasitic components
and substrate effect. Furthermore, it does not fit with standard
CMS values. Although these can be integrated into Matlab#, it
is easier to assign this task to ADS software.

With starting values (∗) defined in Table 3, the ADS har-
monic balance optimizer yields values (∗∗) shown in
Table 3. DC output voltage of the optimized wideband RF har-
vester is simulated as a function of frequency. As shown on
Fig. 10(b), the DC response is constant over a wide frequency
range i.e. from 1.8 to 2.6 GHz. Figure 11 shows the prototype
RF harvester fabricated on a 508 mm thick Rogers R04003
substrate, with permittivity 1r ¼ 3.3.

B) Rectifier measurements
Figure 12(a) illustrates the measured input port voltage reflec-
tion coefficient, i.e. S11, of the rectifier for a 215 dBm input
level. The impedance matching is well achieved from 1.8 to
2.6 GHz. In order to validate the other rectifier functionalities,
a test bench consists of an R&SwSMJ100A power generator
directly connected to the rectifier and a 430 V resistor, RL,Fig. 9. Algorithm to find the optimum Q0.
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as load, across which a voltmeter is connected. The value of
the resistor is optimum for maximizing power transfer on
the entire RF band based on simulations. The incident fre-
quency is swept from 1 to 3 GHz at a fixed given output
power Pin and the DC output voltage is measured. As
Fig. 12(b) shows, the measured output power is in line with
the one simulated with ADS.

Figure 13(a) shows the rectifier RF-to-DC conversion effi-
ciency calculated, using (1), from DC output voltage measure-
ments with Pin ¼ 0, 210, 220 and 225 dBm. A 42%
efficiency is obtained with Pin ¼ 0 dBm and drops to 15%
for Pin ¼ 220 dBm. The three targeted RF bands are

Fig. 10. (a) Simulated DC output voltage of the 3 rectennas with components value found with Matlab and of the proposed wideband architecture. (b) Simulated
DC output voltage for the 2.1 GHz rectenna as a function of frequency for several Q0 values.

Table 3. Matching network parameters obtained with the proposed method (Matlab (∗)) and the final architecture (ADS (∗∗)).

Filter Q0 L1
∗ (nH) L1

∗∗ (nH) L2
∗ (nH) L2

∗∗ (nH) L3
∗ (nH) L3

∗∗ (nH) C1
∗ (pF) C1

∗∗ (pF)

GSM1800 1.9 2.4 1 20 8.2 3.1 6.8 0.3 0.3
UMTS2100 2.6 2.6 3.3 16 33 2.5 2.2 0.4 0.4
Wi-Fi 3.4 3.2 2.2 11 22 2.2 4.7 0.4 0.4

Fig. 12. (a) Measured S11 at Pin ¼2 15 dBm. (b) DC output power comparison between simulation and measurements.

Fig. 11. RF wideband harvester.
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covered and the efficiency obtained is almost constant over the
800 MHz frequency band. The effects of RL on the RF-to-DC
conversion efficiency are also assessed and are depicted on
Fig. 13(b) for two frequencies, 1.9 and 2.1 GHz and
Pin ¼ 210 dBm. The optimum load value, i.e. 430 V, corre-
lates between simulations and measurements. Its value has
been used for all following measurements.

After having characterized the rectifier, the complete rec-
tenna is tested in real conditions.

C) Rectenna measurements
The selected wideband dipole is pictured on Fig. 14(a). Its
dimensions are 10 cm × 10 cm and its gain is given on
Fig. 14(b). The complete RF energy harvester is placed in an
anechoic chamber to evaluate the performance of the rectenna
in presence of one to three RF sources. The load value RL is
430 V. Each RF source is emulated by means of an
R&SwSMJ100A power generator delivering a 10 dBm input
power. The first is set to 1.88 GHz, the second to 2.17 GHz
and the third to 2.45 GHz. Each generator is connected to a
dipole antenna having 900 MHz bandwidth, from 1.8 to
2.7 GHz with a gain of 2 dBi in the RF band. The RF transmit-
ters and the rectenna are distanced from 30 to 200 cm.

Figure 15(a) shows the DC output power as a function of dis-
tance with one, two or three emitting sources. The DC output
power increases in the presence of additional RF sources.
Figure 15(b) represents the RF-to-DC conversion efficiency
with one or three RF sources emitting simultaneously as a
function of the distance. The RF-to-DC conversion efficiency
is 15% higher with three RF sources than with only one. Those
results confirm the added value of this architecture in the pres-
ence of multi RF sources.

Based on the results of Fig. 15(b), the RF to DC conversion
efficiency is plotted as a function of the received power density
as showed in Fig. 16. This conversion efficiency is higher than
45% for RF power density over 0.5 mW/cm2 and still remains at
40% at 0.15 mW/cm2 RF power density. Figure 16 also shows
that the DC output power grows with RF power density.

D) Indoor and outdoor measurements
The rectenna has been tested in indoor conditions. The RF
harvester is placed 50 cm away from a Wi-Fi box and a com-
puter downloading data or not. The DC output power is mea-
sured at 5 and 12 mW, respectively, with RL ¼ 430 V.

The rectenna has been also tested in outdoor conditions as
illustrated on Figs 17(a) and 17(b). The RF harvester is placed

Fig. 13. (a) Rectifier’s RF-to-DC conversion efficiency measured for several Pin with RL ¼ 430 V. (b) RF-to-DC conversion efficiency comparison between
simulation and measurements as a function of the load RL for Pin: 210 dBm.

Fig. 14. (a) Measured gain of the dipole antenna as a function of the frequency. (b) Dipole antenna picture.
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50 m away from a GSM1800 and UMTS base station. A dos-
imeter is placed near the RF harvester. The RF power density
is measured at 1.2 mW/m2 and 375 mW/m2 for GSM1800 and
UMTS base stations, respectively. The DC output power is
measured at 7 mW with RL ¼ 430 V.

The DC output power measured in indoor and outdoor
environments is large enough to power a small sensor as the
one in the WSN context, which consumes an average of a
dozen ofmW. Furthermore, today several sensors kick-start vol-
tages can be below 0.3 V [36, 37]. So, this prototype would be

able to supply these sensors in low RF power density environ-
ment, e.g. 210 dBm.

E) Performance comparison
Table 4 and Fig. 18 summarize this work along with previously
published works reporting measurements. Only publications
with measurements considering Pin below 0 dBm have been
taken into account. They show that the efficiency of the pro-
posed wideband harvester is better than the others except for
the dual band harvester published in [23]. For a total input
of 218 dBm, its RF-to-DC efficiency is 38%. In the same con-
ditions, the efficiency of the proposed harvester is 35% with
three RF tones. A highly selective filter with two frequencies
is designed in [23]. It is less sensitive to losses at very low inci-
dent powers than the proposed RF filter. But for higher input
power, such as at 25 dBm, their RF-to-DC efficiency is 50%

Fig. 16. DC output power measured and RF-to-DC conversion efficiency as a
function of the total RF power density for three RF sources emitting.

Fig. 15. (a) Measured DC output power as a function of distance (d ) for one, two or three RF sources Pin ¼ 10 dBm RL ¼ 430 V. (b) RF-to-DC conversion
efficiency as a function of distance (d) for one or three RF sources on 430 V.

Table 4. Performance comparison.

Design This work 2013 [24] 2013 [11] 2012 [25] 2013 [23] 2013 [9] 2013 [38] 2013

Rectifier
topology

Series Series Back to back Voltage
multiplier

Series Series Series

Multi/wide RF
band (GHz)

Wideband
1.8–2.6

Wideband
0.8–2.5

Wideband
0.2–0.5

2 RF tones
0.9 and 2

2 RF tones
1.8 and 2.1

4 RF tones
0.5, 0.9,
1.8, 2.45

2 RF tones
0.91 and 2.45

Power efficiency
220 , Pin,5

15% 220 dBm 8% max
220 dBm

30% 210 dBm 9.1 and 8.9%
219 dBm

38% 215 dBm 15% 212 dBm 30% 29 dBm

Fig. 17. (a) Test-bench: outdoor measurements. (b) Outdoor prototype
measurements.
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and the prototype with 3 RF tones is 60%. For a global input
power higher than 215 dBm, the prototype is more efficient
than [23] and it is able to harvest more power than [23].

V I . C O N C L U S I O N

A wideband 1.8 to 2.6 GHz rectenna has been developed for
RF energy harvesting in the context of WSN. The RF
density power level in indoor or outdoor context has been
evaluated. A method to optimize the design of the RF
energy harvester over a wideband has been proposed. Using
this method a prototype has been designed to cover three
RF bands: GSM1800, UMTS and Wi-Fi. The fabricated proto-
type shows a 15% of RF-to-DC conversion efficiency over the
three RF bands at 220 dBm input power per RF source. The
efficiency reaches 25% in the presence of three RF sources for
a total incident power of 220 dBm. Final results confirm the
workability of the RF harvester in an ambient environment.
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