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Abstract— This article presents a new compact lightweight
radio frequency (RF) energy harvesting system. The system relies
on a dual-tapered transmission line-based matching network that
stretches the rectification capability of an integrated Schottky
diode. This topology is demonstrated on a 2.4 GHz rigid harvesting system with a resulting power conversion efficiency that
reaches up to 58% over 0 dBm input RF power. Its performance
is compared with a reference rectifier that relies on a typical open
circuit shunt-stub matching network. The rectifier along with a
miniaturized monopole antenna is then tailored for a flexible
substrate with a resulting efficiency around 50% at 0 dBm input
power. The rectifier exhibits an almost flat efficiency over the
2.3–2.5 GHz frequency span despite wide load variations. The
system is characterized in multiple bent configurations featuring
high and stable performance. It is demonstrated that for different
bent states, the proposed flexible harvester does not display
large variations in harvested power. Thus, the presented rectenna
demonstrates the remarkable combination of compactness, flexibility, and stability. Equipped with these features, such rectifier
can be plugged into a variety of sensors, even on wearable
surfaces, which makes it ideal for Internet of Things (IoT)
applications.
Index Terms— IEEE 80211 b/g, power conversion efficiency
(PCE), radio frequency (RF) energy harvesting, rectenna, Wi-Fi,
wireless power transfer.

I. I NTRODUCTION
HE projected number of deployed Internet of Things
(IoT) devices is expected to reach billions in the upcoming years, which has an immediate implication on the number
of batteries that need to be continuously charged and replaced.
The design and realization of compact, energy autonomous,
self-powered systems is therefore highly desirable. One potential way of satisfying these goals is through electromagnetic
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Fig. 1. RF energy harvester with single-stub matching network. (a) Block
diagram of a basic RF energy harvesting system. (b) Block diagram of the
considered rectifier schematic.

energy harvesting. This technique enables a new form of
green technology that allows the “recycling” of ambient radio
frequency (RF) energy. The RF energy harvesting system relies
on an efficient and well-designed “rectenna,” which is a combination of an antenna structure and an RF rectifying circuit. The
antenna must be designed to collect the maximum RF energy
in a certain environment. The captured RF signal is then
transformed into a dc output through a rectifying circuit. Such
dc output can then be fed into a compact IoT component [1].
Rectifiers are classified by their ability to efficiently convert
the RF signal into direct current (dc) with a minimum power
dissipation along the way [2]–[6]. After the rectifying element,
a low pass filter (LPF) is usually placed to ensure that only the
dc component is delivered to the load. Finally, the recovered
dc output is stored in a capacitor or a battery. A power
management circuit is usually integrated to regulate and boost
the output dc voltage. A block diagram of the basic RF energy
harvesting system is shown in Fig. 1(a). Various rectenna
systems have been presented in the literature, featuring
characteristics such as flexibility, compactness, or wideband
operation. In fact, the work presented in [7] resorts to novel
3-D printed structures using inkjet printing. In [8], two different types of energy harvesting systems are presented, based on
additive manufacturing techniques (AMTs) that utilize ambient
energy to power up connected wireless modules. AMTs are
capable of producing conformal devices by relying on flexible
substrates. Printing on flexible material is also accompanied
by depositing any type of conducting or dielectric material
on a bendable nonplanar surface or component. An example
is shown in [9] where a multiband RF energy harvester is
fabricated on a paper substrate. The proposed rectifier in [9]
presents an efficiency in the range of 11%–30% at −15 dBm
input power over LTE bands.
The work presented in this article, primarily focuses
on enhancing the ability of standard shunt Schottky diode
topologies used for energy harvesting in rectenna systems.
Such enhancement is achieved by simultaneously enabling
flat and high-power conversion efficiencies across an entire
frequency band of interest. Such expansion in the harvesting
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capability is dependent on several factors that start by
improving the matching between the antenna and the input
of the Schottky diode. Flattening the efficiency response
of the rectenna system as a function of load variations can
be achieved by resorting to tapering techniques [10]–[12].
However, the range over which the efficiency flatness
has been achieved is narrow [10]–[12]. In this article,
common challenges faced in wireless sensors and IoT
nodes are addressed by proposing energy powering solutions
exhibiting robustness, flexibility, and load tolerance. Wireless
nodes require rapid deployment, autonomous operation, and
flexibility accompanied with low cost and fault tolerance characteristics. The aim of this work is to provide a solution that
meets the aforementioned requirements through the design of
a compact, very lightweight, and low cost flexible RF energy
harvester. The authors propose in this article, a novel rectenna
system that provides a stable efficiency response across a large
variation of load (from 0.1 to 7 k), frequency operation (2.3–
2.48 GHz), and input power fluctuations (−20 to 3 dBm).
With this property, the proposed rectenna is suitable for
integration into IoT devices, sensors, or nodes with minimum
required fitting. The new rectenna topology relies on a new
and improved matching network that resorts to tapered and
balanced microstrip lines to improve and stabilize its performance. In addition, the originality of the work presented in this
article is based on pushing the limits of the Schottky diode’s
rectification abilities by optimizing the matching network’s
topology. Another novelty aspect relies on the miniaturization
aspect of the overall rectifier circuit without sacrificing the
stability and efficiency of the rectenna. Additional novelty
resides in the implementation of a compact lightweight
rectenna on a flexible substrate that is characterized in
multiple bent configurations. Such flexible rectenna features
high and stable performance with less than 57% variation in
harvested power. The work presented herein is, to the best
of our knowledge, the first of a kind, rectenna system that is
stable across large load deviations. Hence, it can be considered
universally adaptable for a plethora of sensor implementations.
Section II presents the design of the new and improved
matching network and its integration in rectifiers based on
rigid substrates. Section III presents a performance analysis
of the proposed matching networks with regard to load,
frequency, and input power variations. Section IV presents
the implementation of the rectifier on a flexible substrate
in a compact rectenna system. The flexible rectenna is then
tested over different curvatures, thereby demonstrating its
ruggedness. This section also includes a table of comparison
with previously reported work demonstrating the rectifier’s
remarkably high conversion efficiency relative to its electrical
size. Section V concludes this article.
II. N EW D UAL L INE TAPERED M ATCHING T ECHNIQUE
The work presented in this article focuses on harvesting
RF energy in the ISM 2.4 GHz frequency band. This work
relies solely on Schottky diodes, and in particular,
the SMS7630 zero-bias, from Skyworks [13]. This diode
is employed due to its low built-in potential that is about
170 mV for ∼1 mA forward current. Such diode is also

Fig. 2. (a) Proposed dual-line matching network. (b) Smith chart representation of the proposed impedance transformer matching network.

suitable for applications that operate at relatively low input
power levels. In particular, the rectenna system proposed
herein relies on a shunt connected Schottky diode as shown
in Fig. 1(b). It is mainly composed of a receiving antenna
and an impedance matching network followed by a single
Schottky diode. The focus is to improve the matching conditions between the antenna and the rectifying element in
order to minimize the losses across the full designed network.
Thus, the power conversion efficiency (PCE), given by the
following equation, constitutes the main parameter for the
system’s evaluation:
PC E =

2
V DC
PDC
∗ 100 =
∗ 100(%)
PR F
R L ∗ PR F

(1)

where PDC represents the dc power collected at the output,
PR F is the RF power captured by the antenna, V DC denotes
the dc voltage at the output, and R L is the load impedance.
The rectifier circuit presented in this article is designed to
allow the PCE to maintain an almost flat response for a wide
range of load and input power variations. Such behavior is
obtained by proposing a new dual line-based matching network
along with the integration of the appropriate tapered sections.
The layout of the presented matching network is depicted in
Fig. 2. It consists of two transmission lines (i.e., load TL
and feed TL) that have different characteristic impedances
and electrical lengths. The TL, characterized by an impedance
(Z 0L ), a phase constant (β L ), a length (L L ), and a width
(W L ), constitutes the “load TL.” The purpose of the load
TL is to transform the diode’s impedance (Z out ) into (Z I ).
The second TL in series is the “feed TL” that is characterized
by an impedance (Z 0F ), a phase constant (β F ), a length (L F ),
and a width (W F ). A capacitor (C) prevents the dc voltage
generated by the diode from reaching the generator.
The lengths of both TLs are iteratively swept and optimized
over a full spatial period (0–0.5∗λg). The maximum value
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Fig. 3.
(a) Layout of the rectifier with a balanced matching network.
(b) Fabricated rectifier prototype.

chosen for either (Z 0L ) or (Z 0F ) is 100  to take into consideration practical fabrication tolerances whereas the minimum
impedance value is 20  to keep the overall design as compact
as possible with a minimum amount of losses. The change in
the impedance at various points along the proposed matching
network is demonstrated on the Smith chart in Fig. 2(b). The
diode is located on the “Load TL” that has Z 0L = 100 .
Therefore, its impedance (229 − j 252  at 2.45 GHz and
for an input power level of −10 dBm) is first normalized to
100  and placed on the smith chart as (ÿout ). The λg /4 “Load
TL” line transposes the diode impedance from (ÿout ) to (ÿ I ) as
shown in Fig. 2(b). At this stage, the impedance faces the “feed
TL” that has Z 0L = 20 . The transformation from 100 to
20  is done by first denormalizing (ÿ I ) to 100  and then
normalizing it back to 20 . This corresponds to the point (ÿI )
on the smith chart of Fig. 2(b). This point is then moved by a
distance of 0.0986λg to reach the point (ÿin ). Such distance is
equivalent to the length of the “feed TL.” Denormalizing this
point to 20  leads to the input impedance of the circuit being
equal to (52 − j 4) . The resulting impedance is now normalized to 50 , which results in the point (ÿ f inal ) = 1.04 − j0.08
as indicated on the smith chart inside the VSWR = 2 circle.
The proposed matching network is then integrated within
the full rectifier circuit along with the Schottky diode and the
required RF chokes. The rectifier is designed and simulated
using Keysight Advanced Design System (ADS) [14], while
employing large signal S-parameters (LSSP) and harmonic
balance (HB) simulations. The rectifier is initially terminated
by a load of 1 k and the design is based on Rogers
3203 (h = 0.508 mm and εr = 3.02). The corresponding
topology is shown in Fig. 3(a). The rectifier layout includes
two triangular tapered sections T1 and T2 in order to ensure
a smooth transition between the various TLs of the matching
network [15]. The objective of T1 is to transition from the
50  feeding line to the characteristic impedance of “feed TL”
that is found to be 20 . As for T2, its function is to enable
the transition from 20  to the characteristic impedance of
“load TL” that is 100 .

Fig. 4. Comparison between simulated and measured results for (a) reflection
coefficient for the rectifier and (b) PCE and output voltage for a load of 1 k.

These tapered sections play a fundamental role in achieving
a stable PCE response over a wide range of load variations.
The RF choke functionality is achieved using a shorted
quarter-wavelength (λg /4) stub that is terminated by 1 μF
capacitor. This stub is specifically designed to behave as an
open circuit impedance at the fundamental and third harmonic
frequencies while presenting a short circuit to the second
harmonics.
The position of the “load TL” is tuned with respect to the
Schottky diode resulting in a balanced topology. Namely, part
of the “load TL” is kept in series with the “feed TL” whereas
the other part is suspended in shunt with the Schottky diode
at its end.
The rectifier circuit is fabricated as shown in Fig. 3(b). For
both simulated and measured results, the presented rectifier
is matched for operation within the entire desired frequency
range as summarized in Fig. 4(a). The fabricated prototype
exhibits a total compact size of 32.21 mm × 17.54 mm.
By inspecting the voltage and efficiency results in Fig. 4(b),
an efficiency of 58% is observed at 0 dBm with a peak
voltage of 0.76 V measured for a 1 k load. For these two
results, a close agreement is noticed between simulated and
measured data.
III. P ERFORMANCE A NALYSIS W ITH R ESPECT TO
F REQUENCY, L OAD , AND I NPUT P OWER
The performance of the proposed matching network herein
is evaluated for a variation of load impedances. Such analysis
is essential to meet the objective of this work, which is based
on proposing a universal rectifier circuit whose performance is
load agnostic. The input impedance of the integrated Schottky
diode varies, not only with frequency, but also with the RF
power fed to the rectifier. Hence, a comparative analysis is exe-
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Fig. 5. (a) Layout of the reference rectifier circuit that relies on open-circuit
shunt stub. (b) Fabricated prototype.

cuted in this section to analyze the performance of the rectifier
with respect to frequency, load, and input power variations.
The performance of the presented rectifier is compared with
a reference rectifier that adopts a typical matching technique
based on open-circuit shunt stub. The purpose of that comparison is to highlight the superior performance of the designed
rectifier with respect to traditionally proposed circuits.
The reference rectifier circuit along with its fabricated
prototype is presented in Fig. 5. Such rectifier is matched
using an open-circuit stub that has a length of L OC_st ub =
0.198λg (15.8 mm). A distance d OC_st ub = 0.16λg (12.8 mm)
away from the load is adopted as shown in Fig. 5. Miniaturization by relying on a meandering technique is applied
to the two lines to keep the resulting rectifier compact in
size and similar in area to the proposed rectifier shown in
Fig. 3. As a result, the reference rectifier’s dimensions are
30.22 mm × 15.13 mm, thus achieving a 51% reduction in
size in comparison to a nonmeandered stub. A 1 μF dcblocking capacitor and a 110 nH RF choke are integrated
within the matching network. This rectifier is matched over the
entire desired band and exhibits a good efficiency of 51.26%
at 0 dBm with a peak measured voltage of 0.716 V and an
optimal load of 1 k.
A. Effect of Load Variation
The PCE behavior of the proposed and the reference rectifier
circuits with respect to load variations for an RF fed power
of 0 dBm at 2.45 GHz is shown in Fig. 6(a). For both
circuits, the efficiency peaks at the optimal load value of 1 k.
The proposed tapered topology exhibits a larger difference in
comparison to the open-circuit shunt stub matching network.
The PCE of the proposed rectifier in this article peaks at
58% as shown in Fig. 6(a) and is able to maintain 29% (i.e.,
almost 50% of the peak) between 0.1 and 7 k. On the other
hand, the PCE of the open stub rectifier peaks at 51% and
maintains 50% of its peak efficiency (i.e., 25.5%) between
0.1 and 5 k. Hence, it is clear that the proposed rectifier is
more immune to load-variations than a conventional one.
Furthermore, the input impedance of the proposed rectifier
exhibits a much higher stability across a large variation of load

Fig. 6. Measured PCE results for different load values of both the proposed
and reference rectifiers at Pin = 0 dBm and f = 2.45 GHz. (b) Input
impedance plots with respect to load variations for the proposed and reference
rectifiers.

as shown clearly in Fig. 6(b). It is noticed that the real part of
the input impedance reaches a value around 50  for a load
of 1 k corresponding to the peak efficiency result. Both the
real and imaginary parts then maintain a steady-state response
across the remaining load variations.
However, the input impedance of a 50 -line-based conventional rectifier reaches a value of 50  for a load of 1 k,
corresponding to its peak efficiency. However, both the real
and imaginary part deviate away from stabilizing till a load of
between 4 and 5 k, while exhibiting much larger variations
in the impedance as whole. It is also important to note that
for such a conventional rectifier, the real part of its input
impedance deviates largely from 50  for most of the load
range.
Specifically, the real part of the input impedance of the
proposed rectifier with tapered sections increases from 16 to
58  when the load goes from 0.1 to 2 k. Then, it is
stabilized along all the remaining load ranges.
A similar performance is achieved by the imaginary part of
the input impedance where it decreases from j28 to j19 
before stabilizing for the remaining load ranges. However,
the real part of the reference rectifier increases from 20 to
88  throughout the range, while the imaginary part decreases
from j21.5  to a stable state of around −j5 . This behavior
explains the ability of the proposed rectifier in maintaining a
better power transfer capability with respect to load variations
as clearly validated by Fig. 6(b). Therefore, the tapering
technique implemented between the lines of different characteristic impedances allows the circuit to maintain better
efficiency figures over a wider drift of load values.
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part smoothly changes as the frequency increases. The input
impedance variation with respect to frequency is shown in
Fig. 7(b).
On the other hand, the reference rectifier for example reacts
differently to the changes in frequency. Its input impedance
variation shows abrupt increases and decreases within a
smaller frequency range.
C. Effect of Input Power Variation
The performance of the proposed rectifier is also affected by
the variation in the input RF power levels. Fig. 7(c) illustrates
the measured PCE values for a load of 1 k and an optimal
frequency of operation (2.45 GHz) with respect to a range of
input power spanning from −20 to 3 dBm.
Similar to previous analysis, the proposed rectifier circuit
presents the highest efficiency over the entire span of the
input power. Such analysis proves the superior performance of
the proposed rectifier circuit with a tapered matching network
and nonuniform characteristic impedances. Such behavior that
exhibits great stability along with independence of environment and type of connected load, enables this rectifier to be
considered as a successful plug-in for a large variety of sensors
within a diversity of applications. With flexibility added to
it, the proposed rectifier along with its corresponding antenna
can also be integrated on nonplanar or even wearable surfaces.
Such behavior makes it ideal for IoT device integration.
IV. F LEXIBLE C OMPACT R ECTENNA D ESIGN

Fig. 7. Measured PCE results for a span of frequencies. (b) Input impedance
plots with respect to frequency for the proposed and reference rectifiers.
(c) Measured PCE when varying the input fed power.

B. Effect of Frequency Variation
The PCE performance is also studied when the frequency is
varied between 2.3 and 2.5 GHz as shown in Fig. 7(a). Such
study is done for an input power of 0 dBm and for the corresponding optimal load of 1 k. The proposed rectifier maintains an almost stable efficiency around 55% over the entire
frequency range. This is due to its tapered matching network.
The reference rectifier shows more dependence with respect
to the variation of frequency. It is noticed that the efficiency
flatness for the reference rectifier appears in a very small
fraction of the frequency band. This behavior is explained by
the use of solely 50  TLs, which offer a narrower bandwidth
in comparison with tapered lines. The tapered lines’ circuit
displays smoothness in the input impedance with respect to
the variation in frequency. More specifically, the real part of
the proposed rectifier circuit starts at 42 , increases until it
reaches 50  and then returns to 46  while the imaginary

In order to verify its suitable performance over a flexible
surface, the proposed rectifier is now fabricated on a 0.18 mmthick liquid crystal polymer (LCP) substrate (dielectric constant of 3). The fabrication is based on using an inkjet-printed
masking technique followed by etching [16]. The layout of
flexible design is shown in Fig. 8(a), which displays slight
variation from its rigid counterpart of Fig. 3(a) in terms of
line widths and dimensions.
The measured and simulated PCE results are shown in
Fig. 8(b). This rectifier achieves an efficiency of above 40% at
2.4 GHz around the 0 dBm input power and RL = 1 k load
operation point. It is also important to note that the flexible
rectifier reaches a peak efficiency of 50% at 2.37 GHz.
The rectifier’s performance is also evaluated in function of
load and frequency variations to demonstrate the robustness
of the proposed matching technique in preserving a stable
response on flexible substrates. Fig. 8(c) shows the rectifier’s
measured PCE when the load is varied from 0.1 to 10 k
while Fig. 8(d) presents the case when the frequency is swept
from 2.3 to 2.48 GHz, respectively. The corresponding results
for the proposed rectifier on rigid RO3203 substrate are also
embedded in these two figures [Fig. 8(c) and (d)]. The rectifier
exhibits a very similar robust behavior on both rigid and flexible substrates with respect to load and frequency variations.
The flexible rectifier’s efficiency preserves a value above 36%
over a wide range of frequencies while showing a robust
performance in function of abrupt load variations. The flexible
rectifier circuit is then integrated into a rectenna configuration
by cascading it with a compact flexible monopole antenna.
A schematic illustration of the monopole antenna design along
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Fig. 9. Flexible monopole antenna. (a) Schematic of the 2.4 GHz meandered
monopole. (b) Simulated and measured reflection coefficient of the designed
monopole antenna. (c) Plot of the simulated gain of the antenna (f = 2.4 GHz
and ϕ = 90◦ ).

Fig. 8. (a) Layout of the flexible rectifier. (b) Simulated and measured PCE
for the rectifier design based on the flexible substrate. Measured PCE for both
the flexible and rigid designs (c) as a function of load variations and (d) as a
function of a given span of frequencies.

with its dimensions are shown in Fig. 9(a). This design
involves a meandered shape monopole in order to miniaturize
its size and allow its operation at 2.4 GHz. The design is
fabricated on LCP substrate with a thickness of 0.18 mm and
a size of 15.1 mm × 8.15 mm. The meandered monopole
antenna exhibits a gain of 0 dBi with a reflection coefficient
S11 that is below −10 dB within the frequency range of interest
as shown in Fig. 9(b) and (c). It is important to highlight the
fact that the flexible rectenna still exhibits flatness and robust
performance regardless of the curvature radius, load variations,

input power, or frequency operation. Such performance is
exemplary especially for nonplanar surface integration.
The antenna and rectifier, integrated into one circuit, form a
rectenna with an overall size of 50 mm × 11.5 mm as shown
in Fig. 10(a). It is proven that the resulting rectenna offers
compactness as well as flexibility and ease of integration. For
validation purposes, its performance is tested over curvatures
of different bending radii. The rectenna system is characterized
as a function of its received power density. The system is
illuminated from a distance of 65 cm with a horn antenna,
whose gain is 5.85 dBi and RF input power is swept from 10 to
30 dBm. Using Friis transmission equation [17], the received
RF power at the input terminals of the rectifying circuit is
then determined to be varying between −20 and 0 dBm. The
rectifier is loaded with its 1 k optimal load impedance and
the output dc power of the rectenna system is measured for
four bending scenarios over a range of incident power densities
at the receiving antenna.
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TABLE I
P ERFORMANCE C OMPARISON

cylindrically shaped with curvatures of 19.05, 38.1, and
50.8 mm radii. It is important to note that the dc power
variation is low even at its maximum value when bending
occurs. Such variation is estimated to be less than 57%, which
is considered superior in comparison to traditional flexible
rectenna structures. The rectenna efficiencies are extracted and
calculated from the dc output power measurements for both
bent and planar scenarios. As expected from Fig. 10(b), where
the rectenna’s output dc power is very stable with minimal
variations under planar and bent conditions, the calculated
efficiencies maintain a very similar behavior to the one shown
in Fig. 8(b). The range goes from approximately 5%–10% to
35%–42% for a received power at the input of the rectenna
of −20 to 0 dBm. This stability demonstrates the remarkable
adequacy of this circuit for bent implementations.
The compactness and efficiency of the proposed rigid and
flexible rectifiers are finally benchmarked using the figure of
merit (FOM) shown in (2). The FOM, shown in (2), takes
into account the rectifier PCE per unit of electrical area
(area normalized to the effective wavelength at the operating
frequency of the harvester)
PC E
(2)
100 ∗ A Normalized
Ar ea Rect i f ier
c
=
and λ = √
2
λ
εr ∗ f

FOM =
with A Normalized
Fig. 10. Flexible rectenna fabrication and measurement. (a) Flexible 2.4 GHz
rectenna measured on the 19.05 mm radius cylinder. (b) Measured dc output
power for different cylinders’ radii.

The rectenna maintains a stable performance for several configurations over planar or curved surfaces as shown
in Fig. 10(b). The curved surface employed for testing is

where the PCE denotes the power conversion efficiency of
the rectifier, the A Normalized takes into account the active area
of the rectifier normalized to the square of the wavelength,
λ is the wavelength,c is the speed of light, εr is the relative
permittivity, and f is the frequency of operation.
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The FOM of the two rectifiers built on rigid and flexible
substrates are calculated and included in Table I for comparison with several state-of-the-art work as presented in [9]
and [18]–[22]. Table I highlights the outperformance of the
proposed technique and design in both rigid and flexible
architectures. Such performance is highlighted by maintaining
both high and flat efficiency values despite the miniaturization
aspect of the whole system.
V. C ONCLUSION
In this article, a compact rectenna topology is proposed and
implemented. The rectifier component is first introduced on
rigid and flexible substrates with a new matching network
that allows a stable efficiency response across a variation of
loads, frequency, and power ranges. The proposed matching
network resorts to two series lines of nonuniform characteristic impedances. The effect of adding tapered sections is
proven to improve the overall performance stability of the
rectifier circuit. The performance of the proposed rectifier
is compared with a standard rectifier that relies on single
shunt stub matching network. A flexible 2.4 GHz compact
rectenna system is also presented and tested. It displays an
unprecedented combination of properties with compactness,
high efficiency, flexibility and stability relative to bending,
load, and frequency variations. The presented work enables
the advent of integrated flexible and reliable energy harvesting
systems for IoT applications and introduces the concept of
“universal” rectenna systems.
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