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A Novel Ultra-Lightweight Multi-Band Rectenna on
Paper for RF Energy Harvesting in the Next
Generation LTE Bands
Valentina Palazzi, Student Member, IEEE, Jimmy Hester, Student Member, IEEE, Jo Bito, Student Member, IEEE,
Federico Alimenti, Senior Member, IEEE, Christos Kalialakis, Senior Member, IEEE, Ana Collado, Senior
Member, IEEE, Paolo Mezzanotte, Senior Member, IEEE, Apostolos Georgiadis, Senior Member, IEEE,
Luca Roselli, Senior Member, IEEE, and Manos M. Tentzeris, Fellow, IEEE

Abstract—This paper introduces a novel compact ultralightweight multiband RF energy harvester fabricated on a
paper substrate. The proposed rectenna is designed to operate
in all recently released LTE bands (range 0.79 − 0.96 GHz;
1.71 − 2.17 GHz; 2.5 − 2.69 GHz). High compactness and ease
of integration between antenna and rectifier are achieved by using
a topology of nested annular slots. The proposed rectifier features
an RF-to-dc conversion efficiency in the range of 5 − 16 % for
an available input power of −20 dBm in all bands of interest,
which increases up to 11 −30 % at −15 dBm. The rectenna has
been finally tested both in laboratory and in realistic scenarios
featuring a superior performance to other state-of-the-art RF
harvesters on flexible substrates.
Index Terms—Broadband antennas, conformal antennas, copper adhesive laminate, energy harvesting, flexible electronics,
Internet of Everything, Internet of Things, multiband rectifier,
rectennas, slot antennas

I. I NTRODUCTION

I

N THE near future, an explosion of the number of devices
connected to the Internet is foreseen, which will impose
tremendous challenges both in terms of spectrum and power
supply [1]- [4]. On the one hand, new communication protocols and wider bandwidths will be released to manage this
huge number of heterogeneous users (both humans and machines), with different levels of intelligence and needs [5]. On
the other hand, according to the emerging Internet of Things
(IoT) paradigm, electronic apparatuses will be deployed almost
everywhere. The next generation of sensors and circuits will be
literally embedded in the items, so their maintenance will be
hindered by the fact that they will be difficult to reach or even
to localize. This means that the battery replacement will be
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difficult or even impractical, so in most of the cases batteryless
devices will be the only option. Additionally, these devices
have to be conformal to the hosting objects both in terms
of shape and cost, while the environmental impact of these
distributed and ubiquitous electronics should be minimized in
order not to increase the pollution risks and cause a worsening
of the quality of human life.
For these reasons, it is important to avoid the traditional
battery and to find new efficient and reliable ways to power
the circuits from ambient RF sources, both exploiting already
available resources through wireless energy harvesting and
enabling the intentional wireless power transferring, so as to
make them robust and autonomous.
To this end, research is focusing on both the development
of low-power sensors and energy harvesting to produce autonomous wirelessly interconnected smart nodes [6]. State-ofthe-art dc/dc converters are able to operate for input voltages as
low as 70 mV [7], thus thoroughly reducing the amount of energy required for electronics. Thanks to this trend, ambient RF
energy harvesting is becoming ever more appealing among the
different forms of energy harvesting (e.g., solar, mechanical,
and thermal). So far, the scarcity of the available power density
has been its main drawback, but both the development of lower
power and lower voltage circuits and the increasing number
of wireless applications, which in the future will lead to a
dramatic increase of the ambient RF energy, are concurrently
bridging the gap.
In this scenario, broadband rectennas are the most suitable
solutions to realize reliable power supply [8], since they are
able to harness a larger part of the available spectrum; plus, the
harvester should be easily mounted on commonly used objects,
so it is necessary that they are lightweight and conformal.
Recently, numerous high-performing broadband and multiband rectennas have been proposed (see [9]- [15]), which
are able to take advantage of the simultaneous presence of
RF power at different frequencies. An in-depth analysis of the
rectifier architectures and operating principles was conducted
as well, aiming at improving specific properties of the harvesting circuits, such as their bandwidth [16], sensitivity [14] and
operating power range [17]. However, further improvements
are needed in terms of compactness and conformability to
achieve truly practical and scalable solutions.
This paper is a substantial expansion [18] and [19]. In the

2

previous works, a single band rectenna was designed and
demonstrated. Here, both the antenna and the rectifier have
been enhanced in order to allow for multiband operation. Furthermore, a compact printed module integrating the proposed
new antenna is demonstrated. In the end, a novel ultracompact
multiband rectenna is presented, able to harvest power from
all released LTE bands.
This paper is organized as follows. Section II presents the
system-level design of the multiband rectenna. Section III
describes the low-cost fabrication technology utilized for the
rectenna prototype. Sections IV and V describe the design
procedure of the proposed harvester for the antenna and the
rectifier, respectively. Results discussing the performance of
the rectenna in various representative harvesting scenarios are
given in Section VI. The conclusions are drawn in Section
VII.

Fig. 1. Architecture of the proposed multiband rectenna.

TABLE I
R ELEASED LTE BANDS (E UROPE )

Band

Uplink (MHz)

Downlink (MHz)

1

1920-1980

2110-2170

3
7
8

1710-1785
2500-2570
880-915

1805-1880
2620-2690
925-960

20

832-862

791-821

33
34
38

1900-1920
2010-2025
2570-2620

1900-1920
2010-2025
2570-2620

Alias
UMTS,
IMT2100
DCS1800
IMT-E2600
GSM900,
EGSM900
EU
Digital
Dividend 800
MHz
pre IMT
IMT
IMT-E2600
(duplex
spacing)

(a)

(b)

(c)

(d)

(e)
Fig. 2. Adhesive copper laminate technology: fabrication steps. (a)
Deposition and selective exposure of photoresist to UV light through a
mask. (b) Wet etching of copper. (c) Introduction of a sacrificial layer on
the copper side and removal of the protection of the adhesive layer. (d)
Transferring of the etched traces to both sides of the substrate. (e) Removal
of the sacrificial layer.

II. S YSTEM L EVEL D ESIGN
The proposed rectenna is aimed at harvesting energy from
all new bands released by the Third Generation Partnership
Project (3GPP) [20] , [21], both in uplink and in downlink.
A list of the bands adopted in Europe is reported in Table I. It
has been noticed that all these bands can be divided into two
groups well separated in frequency: the bands 8 and 20 on the
one hand, which occupy the range from 790 to 960 MHz, and
all others on the other hand, which extend from 1710 to 2690
MHz.
Therefore, an approach based on two antennas has been developed instead of a single broadband rectenna. The rectenna
block diagram is reported in Fig. 1. The idea is to use a
relatively narrowband antenna tuned around 900 MHz and
a broadband one which is able to gather energy from
frequencies between 1.71 and 2.69 GHz. Both antennas are
connected to two separate rectifiers and then their outputs are
summed with a dc combining technique. Finally, an RC lowpass filter isolates the dc component, which can be utilized by
practical loads (a low-power sensor, a dc/dc converter, and so
on).

Thanks to this approach, the bandwidth requirements for
both the antenna and the rectifier are less demanding, thus
allowing for a reduction in the complexity of each circuit
block. On the other hand, the number of blocks is increased.
So, in order not to end up with an increased rectenna area, it is
essential to choose the most suitable technology and guarantee
a compact arrangement of the utilized components.
III. A DHESIVE C OPPER L AMINATE T ECHNOLOGY
The whole circuit has been manufactured on a paper substrate using the adhesive copper laminate technology described
in detail in [22]. The main steps of this technology are reported
in Fig. 2. It relies on a copper adhesive tape shaped by a photolithographic process [see Fig. 2(a) and (b)] and then transferred
to the paper substrate by means of a sacrificial layer [Fig. 2(c)].
Since in the present work a double layer structure is needed,
the two layers are processed separately by using two different
pieces of copper tape that are then attached to the two sides
of the substrate [Fig. 2(d) and (e)] and manually aligned by
means of alignment marks. The latter process is estimated to
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feature a misalignment tolerance of about 1 mm, which can be
considered acceptable in the low-GHz range. In the case of a
simple microstrip structure, a slab of copper tape is attached
to the bottom side of the substrate so as to obtain a ground
plane.
The advantages of the adopted technique with respect to
other emerging ones, such as ink-jet printing [23], are higher
metal conductivity (σ = 5.8 × 107 S/m), the possibility to
solder surface mount components by means of conventional
eutectic alloy while eliminating curing steps, and compatibility
with Printed Circuit Board fabrication equipment. The price
to pay for this is the presence of a photolithographic step that
makes this technique not fully additive.
In this context the paper substrate has been chosen for its
unique properties of being lightweight, flexible, biodegradable,
and intrinsically inexpensive [24], as well as for being an
example of unconventional material in full compliance with
the IoT paradigm that requires electronic technologies to be
as compliant as possible with materials in common objects.
The electrical parameters of the adopted substrate, which is a
photo-paper from Mitsubishi Electric (model CK-D715), are
quoted in [25]. The equivalent composite substrate, including
both the paper substrate and the glue layers interposed between
each layer of copper and paper, features a permittivity of 2.55,
a loss tangent equal to 0.05, and a thickness of 0.37 mm.
Despite the fact that the high losses of the substrate represent
a substantial limitation to the circuit performance, especially
for the rectifier (see Section V), this paper introduces an ultra
low-cost solution and can be considered as a proof-of-concept
demonstration of the feasibility of autonomous wireless sensor
nodes on almost every kind of material.

(a)

(b)

IV. A NTENNA D ESIGN
The proposed antenna consists of two annular slots nested
one inside the other, according to a technique already demonstrated in [26]. The antenna layout is shown in Fig. 3 and
its design was carried out by means of Computer Simulation
Technology Studio suite. The antenna input ports are marked
with “Port1” and “Port2”.
Since the antennas are substantially etched out from the
ground plane, they do not add weight to the structure and
are compatible with substrates as thin as a sheet of paper.
Moreover, slot antennas feature a relatively wide impedance
bandwidth due to their low quality factor (see [27]) and,
thanks to the exponential decrease of the current density at
the borders of the slots, the metal, which surrounds the slots,
can be exploited as the ground plane for the circuitry placed
on the other side, thus allowing an easy integration between
the antenna and the rectifier.
The outer antenna is the tapered annular slot used and
analyzed in [18]. The slot, tuned to the band 790 − 960 MHz,
is the result of the intersection of an ellipse and a circle
and features a maximum and minimum width of 8.25 and
0.75 mm, respectively. The antenna is fed by means of a
proximity coupled microstrip line terminating on a circular
stub introduced to match the antenna to a 50 − Ω iimpedance,
as shown in Fig. 3(b) (Port1). Since the annular slot features

Fig. 3. Layout of the antenna prototype. (a) Top side. (b) Bottom side.
Active area: 11 × 11 cm2 . The main parameters of the antenna topology are:
r11 = 40.75 mm, r12 = 41.5 mm, r13 = 49 mm, d = 11 mm,
dspot = 14.2 mm for the first antenna, r21 = 13.24 mm, r22 = 15.99 mm,
r23 = 26 mm, dcross1 = 19 mm, dcross2 = 6 mm, ccross = 21 mm for
the second antenna.

a length equal to λg , i.e., the guided wavelength in slot
technology at the central frequency, the magnitude of the
electric field across the slot features a maximum at the feeding
point and at its symmetric point (where the slot width is maximum as well), whereas it is ideally null at the antisymmetric
points (approximately where the slot width is minimum). As
a consequence, the latter two points can be viewed as virtual
grounds and it is possible to replace one of them by means
of a real short (marked with “d” in Fig. 3) at the expense
of an increased cross-polar component [28]. Fig. 4 reports
the very minor change in the distribution of the electric field
across the slot due to the physical short-circuited connection
to the right large ground. On the other hand, this short allows
a microstrip line to be placed in a cross configuration below
this slot using the metal sheet as ground plane, thus making
it possible to arrange circuit components both on the interior
and the exterior metal surface of the outer slot.
The inner antenna is a broadband annular slot with a cross-
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Antenna 1 (sim)
8

Antenna 1 (meas)
Antenna 2 (sim)

gain (dBi)

6

Antenna 2 (meas)

4
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0

(a)

(b)

Fig. 4. Electric field distribution at 900 MHz for the outer slot (a) without
and (b) with a short-circuit connection to the right large ground.
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Fig. 6. Measured and simulated gain of the proposed antenna topology.
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Fig. 5. Scattering parameters of the proposed antenna topology: simulations
(solid) and measurements (dashed line). The bands of interest are marked
with gray stripes and their number is reported at the bottom of each stripe.

shaped feed line [29]. It consists of a circular slot, a circular
patch radiator, which is offset with respect to the slot center,
and a proximity-coupled cross-shaped feed line, which also in
this case is optimized to obtain a good impedance matching to
50−Ω throughout the whole band of interest (1.71−2.69 GHz).
All relevant parameters of the antenna are reported in Fig. 3.
Fig. 5 shows a comparison between the simulated and measured scattering parameters of the proposed antenna topology.
Number “1” refers to the outer slot, while number “2” is linked
to the inner slot, according to the port numeration reported in
Fig. 3. The bands involved in the design are marked with gray
rectangles. A good matching can be noticed in all bands with
the exception of the frequency range on the right part of band
8 and on the left part of band 3. The slight mismatch is on the
order of 1-2 dB. Slight discrepancies between simulations and
measurements are due to fabrication tolerances. Moreover, the
mutual coupling is below −19 dB in all frequencies of interest.
Finally, an estimation of the maximum realized gain of
both antennas (linear polarization), which occurs in broadside
direction, has been reported (see Fig. 6). The first antenna
features a gain of 1.3 dBi at 900 MHz and its maximum gain
around 2.3 dBi is achieved at 940 MHz, whereas the second
antenna features a gain varying between 4 and 6 dBi in the
band of interest. Antenna #1 features a half-power beamwidth
(HPBW) of around 108◦ in the xy plane and 81◦ in the xz

Fig. 7. Schematic of the multiband rectifier. The main circuit parameters
are: L1 = 47 nH, L2 = 27 nH, L3 = 10 nH, L4 = 8.7 nH, L5 = 4.7 nH,
lstub1 = 9.1 mm, lstub2 = 6.9 mm, lstub3 = 5.9 mm, wstub = 0.4 mm,
llineC1 = 6.5 mm, lline1 = 11 mm, lline2 = 13 mm, llineC3 = 4.25 mm,
lline3 = 11 mm, wline = 1 mm, C1 = 100 pF, CL = 100 pF and
RL = 3 kΩ.

plane at 900 MHz, whereas antenna #2 shows HPBW of 78◦
and 78.5◦ in the xy plane, and 71◦ and 63◦ in the xz plane
at 1.8 and 2.6 GHz, respectively.
V. R ECTIFIER D ESIGN
The design of the rectifier has been carried out with the
aim of achieving a good balance among circuit complexity,
number of utilized surface mount components, and low-power
performance, to be consistent with the inexpensive nature of
the adopted substrate.
The schematic of the proposed rectifier is shown in Fig. 7.
The circuit parameters have been optimized to achieve the
maximum RF-to-dc conversion efficiency for available input
power levels ranged between -20 and -15 dBm. The design
has been carried out by means of the Advance Design System
suite.
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As anticipated in Fig. 1, each antenna is connected to its
own rectifier. each antenna is connected to its own rectifier.
Due to its relatively small bandwidth (19.3 % around 880
MHz) the first rectifier (“rectifier #1” in Fig. 1) was realized
with a simple envelope detector. On the other hand, this
configuration was impractical for the second rectifier (“rectifier #2”). In fact, because of the frequencydependent input
impedance of the diode and the limited bandwidth of common
compact matching networks, it was very hard to achieve a
reasonable large-signal input matching all over the band (45 %
around 2.2 GHz), which is essential to guarantee the maximum
power transfer to the load. Examples of multiband singlebranch rectifiers have been provided in the literature (see
[14], [17], [30], [31]), but such approaches are not able to
guarantee the coverage over the intended broad frequency
band, while allowing for low-power operation. So, in order to
achieve a high RF-to-dc conversion efficiency of the rectifier
throughout the band, it has been chosen to connect three
envelope detectors in parallel, in such a way that each of
them operates in a narrower band, according to the approach
reported in [12], effectively synthesizing the aggregate band.
Each branch, labeled with “B1”, “B2” and “B3” in Fig. 7, has
been tuned around 1.8, 2.05 and 2.6 GHz, respectively. By
optimizing each branch of the rectifier, it is possible to finetune
its conversion efficiency so as to achieve a local maximum in
each subband of interest. To make the optimization process
as accurate as possible, the S-parameter files provided for the
lumped inductors by the manufacturer were introduced in the
Advanced Design System schematic (the selected inductors
belong to the Coilcraft 0603HP series).
Each utilized envelope detector is based on a seriesconnected HSMS2850 low-barrier Schottky diode from Avago,
which is suitable for operation in the µW range [32]. Each
diode is connected to an input matching network, consisting
of an L-type impedance transformer, aimed at converting the
input impedance of the antenna (around 50 Ω) to the conjugate
of the large-signal input impedance of the diode (see [33]).
Unlike in [19], here, some transmission line sections have
been replaced by lumped (Coilcraft) components. In fact, it has
been observed that the utilized rectifier topology is particularly
sensitive to the losses of the line which connects the diode
to the stub, since in this section, there is a higher voltage
drop (this is actually the aim of the transformer). It was
observed that the Coilcraft lumped components are less lossy
for the inductance levels of interest in the circuit, as shown
in Fig. 8. Simulations were conducted, considering both the
S-parameter files of the inductors provided by Coilcraft and
the high-impedance microstrip lines connected to ground. The
technological pitch of 0.2 mm was chosen for the linewidth.
The simulations were performed for both the smallest and
the highest inductance values utilized in the rectifier, and
in both cases the superiority of the Coilcraft components is
noticeable, although this effect is more prominent for the 47nH inductance. In the first rectifier, the stub has been replaced
as well by an inductance due to its low frequency of operation,
to reduce the circuit size.
In addition to “lineC1” and “lineC3”, introduced for the
sake of feasibility, three transmission line sections (“line1”,

Fig. 8. Inductance implementation: study of the losses related to lumped
(Coilcraft) and distributed inductors on paper substrate.

“line2” and “line3” in Fig. 7) have been added to the three
branches of the second rectifier in order to rotate the input
impedance of each branch, so that the frequencies outside
the operating subband feature a high impedance. On the
contrary, the operating center frequency of each branch is only
marginally affected by its respective line section, since the
circuit is designed in such a way that the input impedance at
this frequency is approximately located at the center of the
Smith chart.
The main idea is to allow each frequency to enter predominantly the branch which is optimized to convert it, thus
reducing the consequent loss of power. Fig. 9 reports the input
reflection coefficient of each branch of the second rectifier
with and without the respective input transmission line sections
(“line1”, “line2” and “line3” are mentioned as “input line” in
Fig. 9), whereas Fig. 10 shows the transmission coefficient
between Port2 and each branch of the second rectifier. All
reported results were calculated for the design power level of
15 dBm. The addition of these lines was shown to improve
the transmission coefficient by up to 4 dB for each branch of
the rectifier and for all frequencies of interest. This approach
is analogous to that applied to frequency division multiplexers
and, although suboptimal for branches B1 and B3 (only one
external band can be rotated to open), it eliminates the need
to implement high-order bandpass filters [12].
Finally, all branches were connected to a single RC filter,
with the exception of the last branch that was tuned to 2.6
GHz, where an additional capacitor was introduced in order
to minimize interferences among detectors. The load, equal
to 3 kΩ, was a parameter of the rectifier optimization (see
Fig. 17).
In the end, the whole multiband on-paper rectifier was
realized with four diodes, five inductors, two capacitors, and
the load.
A photograph of the rectifier prototype is shown in Fig. 11.
After a fine-tuning of the value of the lumped components,
which has been conducted in order to compensate for additional parasitics not included in the simulations (such as the
soldering effects on the paper and the glue of the copper
tape, the connectors impact, and so on), the performance of
the rectifier under a single tone sweep has been evaluated
for different power levels, and the results are reported in
Figs. 12-19.
Fig. 12 shows the adequate large signal input reflection
coefficient at both ports of the rectifier for a -15-dBm avail-
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Fig. 10. Transmission coefficient for each branch of rectifier n.2 with and
without transmission line sections. The simulation results are reported for an
available input power of -15 dBm.
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Fig. 11. Photograph of the rectifier prototype. Active area: 3.5 × 3 cm2 .
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Fig. 9. Study of rectifier n.2: input reflection coefficient of each branch [(a)
B1, (b) B2, and (c) B3] with and without transmission line sections. The
simulation results are reported for an available input power of 15 dBm.

Fig. 12. Rectifier input reflection coefficient for -15-dBm available input
power: comparison between simulations and measurements.

RF-to-dc conversion efficiency, which has been derived from
the measured voltage according to
able input power. An |S11 | of less that -6 dB was achieved
throughout all bands of interest.
In Fig. 13 the rectifier performance in terms of output dc
voltage is demonstrated, whereas Fig. 14 shows the resulting

ηRF −dc =

2
Vdc
/RL
× 100,
Pavs

(1)

2
where RL is the load resistance, Vdc
/RL represents the dc
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power delivered to the load, and Pavs is the available RF power
at the source. The measurement has been separately carried out
for Port1 [reported in Fig. 14(a)] and for Port2 [in Fig. 14(b)].
The first rectifier, which features the best performance,
shows an output dc voltage in the operating band ranging from
50 to 70 mV and from 140 to 170 mV for the available input
power levels of 20 and 15 dBm, respectively, corresponding
to peak efficiencies of 16 % and 30 %. Moreover, its peak
efficiency grows up to the 52 % at 0 dBm.
On the other hand, the second rectifier presents an output dc
voltage in the range of 36-57 mV and 101-142 mV at -20 and
-15 dBm, with the respective peak efficiencies of 10.2 % and
21.3 %, which are achieved in the first band (band 3 of Table
I). In the other two bands, the respective peak efficiencies of
11 % and 6 % are obtained for -20 dBm and of 20.5 % and
14.3 % for -15 dBm. This performance deterioration is mainly
due to the diode losses, which increase with frequency [32],
and to the input interaction and interference among the three
branches, which is missing, instead, in the first rectifier.
However, it is worth noticing that the circuit performance

(b)
Fig. 14. Multi-band rectifier: RF-to-dc conversion efficiency for a single
tone sweep. (a) Port1 and (b) Port2.
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Fig. 13. Multiband rectifier: output dc voltage for a single tone sweep. (a)
Port1. (b) Port2.
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Fig. 15. Multiband rectifier: simulation study of the impact of substrate
losses, input and output interactions.

varies quite smoothly in all bands for all power levels under
test, thus achieving the goal to ensure energy harvesting from
all bands of interest.
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coupling are on the whole comparable with the dielectric ones,
with the input and output interactions having an impact on
average around 7 % and 3 %, respectively. Nevertheless, the
maximum efficiency achieved in [19] around 2.4 GHz is intermediate between the ones of the rectifiers operating around
2.05 and 2.6 GHz without any input and output interactions.
It is worth noticing that the branch centered around 900 MHz
is only affected by an output interaction, thus experiencing a
lower efficiency degradation. Additionally, Fig. 16 highlights
the beneficial impact of the input transmission line sections on
the conversion efficiency of the second rectifier due to the more
selective bandpass characteristic experienced by the input
signal in each branch. The simulations were carried out for
the 15-dBm available input power and show an improvement
of the peak performance in each subband around 7 %.

Fig. 16. Simulated RF-to-dc conversion efficiency of rectifier #2 with and
without input transmission line sections for an available input power of -15
dBm.
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Fig. 17. Multiband rectifier: RF-to-dc conversion efficiency versus load
(Pavs =-15 dBm).

In Fig. 15, an analysis of the losses associated with both
the substrate and the chosen architecture is reported. Four
simulations regarding four different scenarios are considered.
In the first one, all branches are separated at the input, and
the source is connected to one branch at a time, while the
others are connected to a 50 − Ω impedance, thus removing
the effect of input coupling; in the second one, all rectifier
branches are connected to a different output RC filter, thus
removing their output interaction; then, the performance of
each branch of the rectifier is separately evaluated, i.e., each
branch is connected to a different source and load (no input
and output interactions); finally, in the fourth one, the substrate
losses have been removed without changing the final circuit
topology. As a case study, the RF-to-dc conversion efficiency
for an available input power of 15 dBm is considered. It is
apparent that the major limitation to the rectifier efficiency is
represented by the substrate losses, which causes an efficiency
reduction around 10 % at all center bands. The aggregate losses
related to the circuit topology with both input and output

Fig. 18. Multitone test: measured output dc voltage versus an available input
power (Pavs ) per source for one, two and three tones.

Fig. 17 reports the RF-to-dc conversion efficiency with
respect to the load resistance at the design power of 15 dBm.
The optimum load is different for the four branches of the
rectifier, and the value of 3 kΩ is chosen as a result of a
tradeoff aimed at maximizing the output dc power under the
assumption that an equal amount of power enters each branch
of the rectifier at its respective central frequency. This is
equivalent to maximizing the sum of the efficiencies calculated
at the four central frequencies, as reported in
Pdc = Pdc,0.9 + Pdc,1.8 + Pdc,2.05 + Pdc,2.6 =
= η0.9 Pavs + η1.8 Pavs + η2.05 Pavs + η2.6 Pavs =

(2)

= Pavs (η0.9 + η1.8 + η2.05 + η2.6 ),
where Pdc is the total output dc power, Pdc,x is the output
dc power corresponding to an RF input power Pavs at a
frequency of x GHz, and ηx is the RF-to-dc conversion
efficiency associated with the Pavs input power and calculated
at a frequency of x GHz. Therefore, this approach penalizes
the rectifier efficiency at 2.6 GHz, which features a maximum
efficiency for a load equal to 2 kΩ.
Finally, the circuit performance under multitone input signals has been tested. The rectifier has been connected to
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tones. In this way, the rectifier capability to take advantage of
the simultaneous presence of multiple tones has been verified.
As a second experiment, the power associated with each tone
has been randomly varied in such a way that their sum takes
values within the range [15, 5] dBm. This operation has been
repeated for 100 times, and the output dc voltage has been
recorded with results shown in Fig. 19. It is worth noticing
that the data variance is mainly due to the different conversion
efficiencies experienced in each band and that, as expected,
the best performance is obtained for the lower band. A few
points are above the 900-MHz one-tone performance due to
the fact that the phases of the three independent generators are
randomly combined to achieve an optimized waveform [34].

(dBm)

Fig. 19. Multione test: measured output dc voltage for an available RF input
power randomly distributed over three tones.

VNA
rectenna
TX antenna
ampliﬁer
multimeter
Fig. 21. Test of the rectenna in laboratory: experimental setup.

VI. RF H ARVESTER M EASUREMENTS
(a)

(b)
Fig. 20. Layout of the rectenna prototype. (a) Top side. (b) Bottom side.

three different power generators, each of them transmitting
a single tone tuned to 900 MHz, 1.8 GHz, and 2.6 GHz,
respectively. The output dc voltage is recorded as a function
of the available input power per source for one, two, and three

In order to validate the proposed architecture, the whole
rectenna topology was fabricated on a paper substrate, by
using the materials and techniques described in Section III,
and tested (see Fig. 20 where both sides of the circuit are
shown). The rectenna maximum thickness is equal to 1.2 mm,
including both the thickness of the substrate and the lumped
components. The two rectifiers were arranged so as to take
advantage of the ground plane between the two antennas. This
guarantees that the rectifiers are placed near the antenna feed,
thus reducing the presence of losses. Moreover, thanks to this
arrangement, the rectenna area corresponds to the bare area of
the outer antenna, confirming the compactness of the proposed
solution, whereas the cut in the outer slot allows for the usage
of the outer metal surface to host other circuit components.
The proposed rectenna prototype features a weight of only
6 g, while it is conformal and suitable for a broad range of
low-cost applications. For instance, it can be used together
with a suitable energy storage unit and a circuit with very
low duty cycle operation ensuring a large energy autonomy
and batteryless operation. Such a system can also be used as
a trickle charge for batteries in order to compensate for their
self-discharging.
The rectenna performance was first measured in a controlled
environment, as reported in Section VI-A-A, and finally tested
in real scenarios, both in normal (flat) and in bent conditions.
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Fig. 22. Test of the rectenna in laboratory. (a) Output dc voltage and (b)
RF-to-dc conversion efficiency versus power density. Gray solid line:
activation voltage threshold of the state-of-the-art dc/dc converters.

A. Rectenna characterization in a controlled environment
A controlled experiment was performed in a laboratory
room using the setup shown in Fig. 21. A power source was
connected to a double-ridged waveguide horn antenna (3115
model from ETS-LINDGREN). The rectenna was aligned with
the antenna and placed at a distance of 1.6 m, which is outside
the Fraunhofer region, delimited by the well-known equation
(3), for both the transmitting and the receiving antenna
2 D2
,
(3)
R=
λ0
where R is the distance between the phase center of the
antennas, D is the largest dimension of the power-source
antenna (equal to 25 cm for the horn), and λ0 is the freespace wavelength associated with the operating frequency.
The rectenna was connected to a multimeter, and the power
source was set to three different frequencies (900 MHz, 1.8
GHz, and 2.6 GHz), while for each tone the transmitted power

was varied from 5 to 29 dBm. Fig. 2222(a) and (b) shows the
measured output dc voltage and RF-to-dc conversion efficiency
as a function of the power density at the antenna of the
harvester. To calculate the latter quantity, the “standalone”
antenna topology on paper was placed in the same position as
the rectenna under test, and it was connected to a power meter.
The measured RF input power was divided by the effective
area of the respective slot antenna, estimated with the wellknown equation as

Aef f = Gi

λ0 2
,
4π

(4)

where Gi is the measured gain for the respective-to-the-band
slot antenna. In particular, the power density was calculated for
the three frequencies of interest for each power level, and the
results were averaged in order to compensate for uncertainties
stemming from the experimental setup.
According to the obtained results, a power density in the
order of 0.1-1 µW/cm2 is sufficient to activate emerging
ultralow voltage electronics, while 10 µW/cm2 is required for
standard electronics (“switch ON” voltage around and above
1 V).
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TABLE II
C OMPARISON WITH S TATE - OF - THE -A RT RF E NERGY H ARVESTERS
Ref.

Freq. (GHz)

power density
(µW/cm2 )

Max
Eff. (%)

Vdc (V)

Area (cm2 )

Substr.

tanδ

Tech.

this work
[19]
[35]
[36]
[37]
[38]

0.79-0.96; 1.71-2.69
2.4-2.5
0.8-0.9; 1.8-1.9
0.9
2.45
0.86-0.918

6
3
0.2
8
3
14

57
28
15
48.6
1.6
50

1.02
0.26
/
/
0.2
1.42

11x11
4.9x5.4
13x13
15.5x5.4
6x4.5
19x13.9

paper
paper
PET
PET
cardboard
pile/jeans

0.05
0.05
0.08
/
0.042
0.009/0.023

0.9; 1.75; 2.45

0.7

19

0.13

17x17

pile/Kapton

-/0.002

copper tape
copper tape
laser etching
inkjet
inkjet
conductive
non-woven
fabric
Global EMC shielding
fabric

[39]

B. Rectenna testing in real scenarios
The performance of the presented flexible rectenna was
tested under different bending conditions (see Fig. 23). The
rectenna was placed at a distance of 90 cm and aligned with
the transmitting antenna. The latter was connected to a signal
generator set to a fixed transmitting power of 15 dBm. The
recorded output dc voltages versus frequency were collected
for three radii of curvature, as shown in Fig. 24. The impact of
bending seems to be neglectable, and the rectenna performance
remains nearly unchanged for a radius of curvature as small
as 3.81 cm.
The proposed rectenna was proved to be suitable for utilization in a broad range of realistic scenarios, with numerous
ambient devices using microwaves for different purposes,
thus effectively increasing the local RF power density. For
instance, the rectenna was mounted on the door of a microwave
oven, which operates at the ISM S-band [Fig. 25(a)]. Despite
the power shielding, an output dc voltage around 1 V was
measured across the 3-kΩ load during the whole cooking
time. In the second example, the rectenna was placed under
a smartphone. During an incoming call (GSM900 band), an
output dc voltage around 300400 mV was observed.

(a)

C. Performance Comparison
In Table II, a comparison of the presented rectenna with
other state-of-the-art rectennas fabricated on flexible and/or
unconventional substrates is reported. Reference [19] has
already been presented in the introduction, and consists of
a single annular slot and an envelope detector. A dual-band
rectifier and a single wideband monopole were used in [35],
while [36] was based on a class-F rectifier and a direct
matching between the antenna and the diode. In [37] a halfwave double monopole antenna and a two diode rectifier were
employed, and finally, multilayer wearable rectennas were
proposed both in [38] and [39]. Reference [38] relies on a
rectangular patch antenna, while [39] is based on a slot-loaded
annular ring antenna; both solutions utilize a single-stage fullwave rectifier. As it can be easily observed, the majority of
these papers focus on single-band or even single-frequency
harvesters.
The presented rectenna features a very good performance in
terms of occupied area and maximum efficiency with respect
to incident power density, while it guarantees operation over
a broader frequency range over multiple bands.

(b)
Fig. 25. Photograph of possible practical scenarios for the proposed
rectenna: ambient RF energy harvesting from (a) operating microwave oven
and (b) cell phone during an incoming call.

VII. C ONCLUSION
A novel compact multiband rectenna on paper for ambient
RF energy harvesting has been introduced in this effort. Both
the design procedure and the measurement results have been
thoroughly discussed. The rectenna is able to harvest power
in all LTE frequency bands at the available input power levels
as low as 20 dBm in a variety of practical and conformal
scenarios, thus setting the foundation of truly autonomous IoT
and smart node configurations.
Future improvements are also possible: the rectifier can be
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optimized for multitone operation, for instance, by means of
the adoption of higher order bandpass filters in each branch
of the second rectifier [12]; the applicability of the system can
be freed from orientation constraints by developing compact
broadband circularly polarized antennas, achievable through
the introduction of ad hoc shorts in specific positions of the
slot antennas [28].
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