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Chapter

Radiofrequency Energy
Harvesting for Wireless Sensor
Node: Design Guidelines and
Current Circuits Performance
Alex Mouapi, Nadir Hakem and Nahi Kandil

Abstract

Given their omnipresence, electromagnetic energy offers the most attractive and
recent energy supply solutions for low consumption power devices. The most
targeted application is the wireless Sensor (WS) node, which is indispensable in all
computing systems. This work proposes the design guideline for harvesting radio-
frequency (RF) energy using the Rectifying Antenna circuit known as rectenna.
The rectenna design issues are then developed to introduce new solutions for
optimizing the performance of the circuits. Note that the end-to-end efficiency
analysis must incorporate both receiving antenna characteristics, rectifying diode
parameters, and matching filter components. However, in most studies, only one or
at most two of these aspects are treated. We then want to overcome this lack by
offering a global view highlighting all the design issues for optimal RF/DC
conversion efficiency. The specific case of rectennas based on patch antennas and
Schottky diodes, easily integrated into the circuit boards, is considered. The results
of this chapter show that although the harvestable energy levels of ambient RF
waves are low, some recent designs offer solutions to take advantage of these
ambient waves.

Keywords: Rectenna, Design issues, Efficiency, Patch Antenna, Schottky diodes, WS

1. Introduction

Because of their low cost, flexibility, mobility, and ease of integration, Wireless
Sensors (WS) are increasingly used in most computing systems. For example, WSs
are used for ubiquitous structural monitoring [1]. Besides, one of WS’s current
major applications is the Internet of Things, in which WSs send their data to a base
station that makes it available on the internet. WS provides endless opportunities
and poses formidable challenges, such as the fact that energy is limited due to its
battery’s small size. In the quest for solutions to extend the lifespan of WSs, a new
research field has evolved in recent years, known as Energy Harvesting (EH) [2].
Thanks to EH techniques, it is now possible to envisage WSs having a lifespan
limited only by the hardware that constitutes them. These WSs are now well known
in the literature as EH-WS [3]. The rise of the EH-WSs is due to the joint efforts in
the fields of microelectronics and micro-mechanics, which today make it possible to
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dispose of ultra-low consumption WSs. An EH process involves identifying a pri-
mary energy source in the WS vicinity and converting it into electrical energy
directly usable by the WS. This study deals with RF energy, which is ubiquitous due
to the extension of telecommunications systems [4].

The proposed techniques about EH rely fully on the nature of the used primary
energy sources. The main sources are the sun, vibration, thermoelectric gradient,
wind, internal light, radio-frequency energy, etc. Vibration and sun sources are
most considered in the literature because they generate more significant amounts of
energy compared to the WS energy requirements. Recently, with the growth of
radio communication systems deployment, it has become possible to consider
harvesting significant quantities of RF energy in different environments. Besides,
RF sources do not rely on weather conditions, as is the case with the sun source or
engine operation, as would be the case with the vibration source.

This chapter presents the design considerations of energy-independent wireless
sensor nodes under the base of a radiofrequency energy harvesting process. The
main objective is to analyze the end-to-end conversion chain of radiofrequency
waves into DC energy to define the design issues related to this growing field of
research. For each stage, it will be reviewing the principles through design equa-
tions and optimization solutions. This main goal will guide the writing of the
chapter, with the following specific objectives:

• Provide a taxonomy for WSs powered by radiofrequency energy.

• Provide a classification of RF energy-harvesting techniques.

• Provide state of the art on the design of the RF-EH system.

• Recall the performance of the rectenna recently designed.

Firstly, the advantage of the RF energy source compared to the other commonly
used primary energy sources is proposed in Section 2. The role of wireless sensors in
the IoT and the capability of some currently marketed RF energy harvesters will be
presented in Section 3. Section 4 dealt with the design issues of the RF energy
harvesting systems. Each stage of the conversion chain will be analyzed, and the
advantages and drawbacks of the proposed solutions will be established. Finally,
Section 5 concludes this chapter.

2. Comparison of RF source with other primary energy sources

The primary energy sources considered for EH are vibration, sun, RF Energy,
airflow, internal light, heat, and wind. Most computing systems require small and
light WSs to influence the measurement environment as little as possible. There-
fore, the power density metric is widely used by many researchers as a criterion for
comparing the performance of micro-generators [5]. Table 1 show some recent
results obtained in the design of the various micro-generators [6]. These results
indicate that the current RF micro-generators have power density comparable to
sources such as airflow, heat, and indoor light.

Sources like vibrations and sunlight offer power densities 10 to 100 times higher
than the RF source. However, in most studies on vibrations, to achieve these
performances, it is necessary to increase the level of vibration, which is not desir-
able for many industrial applications, especially sensor applications. In [7], for
instance, a piezoelectric micro-generator is designed to generate only 23:3 nW for
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0:25 g acceleration at a frequency of 68 Hz. It is also foreseeable that the popularity
of piezoelectric micro-generators will be declining in future years, as several
research projects today are exploring solutions to reduce significantly or attenuate
the vibration of engines [8].

Regarding solar energy, the achieved performance is inherently impacted during
the night. Also, for WSs being deployed in indoor environments like buildings or
factories, solar energy may not be available. Wind micro-generators share this
constraint. These also often involve a substantial aperture [9], which is not suited to
accommodate IoT applications’ size design limitations. RF Energy, which, for some
frequencies, can cross materials such as water, plastic, paper, and concrete, seems to
be the only alternative in several situations. This research area is now expanding
because this harvestable energy (RF energy) is almost always available, offering
solutions to facilitate the supply of WS located in hard-to-reach environments.

Another asset of the RF source lies in the used transducer, as it can also be
exploited to exchange data between sensors wirelessly. The primary transducers
used are shown in Figure 1. The WS for transmitting and receiving information

Primary sources Power densities

Vibration 10:8 mW=cm3

Heat 0:78mW=cm2

Wind 0:55 mW=cm3

Light (outdoor) 100 mW=cm2

Light (indoor) 100 μW=cm2

RF energy 1 mW=cm2

Airflow 1 mW=cm2

Table 1.
Comparison of the some power density of Main energy harvesting methods.

Figure 1.
Some used transducers for the transformation of ambient energy.
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usually uses an antenna. The transducer for the RF source is, therefore, the same as
that used by the WS to communicate. Thus, it is important for greater circuit
miniaturization to consider using the RF source [10]. It is also the current trend of
WS based on RF source referred to as Simultaneous Wireless Information and
Power Transfer (SWIPT) technologies [11].

3. Autonomous wireless sensors in IoT and Mobile computing

Setting up the IoT is now possible thanks to the convenience of placing or
deploying many different sensors in an environment. Figure 2 shows the end-to-
end IoT basic architecture elements [12]. The WS is the element that lays the
foundation for IoT. Unlike other elements in Figure 2 that can be placed in easily
accessible locations, WSs must be able to be placed in locations such as battlefields,
the deep ocean, or inhospitable terrains. Since WSs are battery-powered, it is often
difficult and impossible to change or recharge their battery. Also, the WS’s role in
the figure below is to measure, process, and transmit data to a base station. More
and more IoT applications require fast computational times, increasing the WS’s
energy budget. This further justifies the need for a ubiquitous charging solution
such as the RF source for WS in mobile devices.

Regarding RF micro-generators, a product like the PCC110 [13] manufactured
by Powercast, is a solution used to enable wireless power transmission. Its sensitiv-
ity is �17 dBm with a maximum conversion efficiency of 75%. Powercast also
markets the P2110 [14], which harvests RF energy in the 915 MHz band while
integrating efficient energy management solutions. This circuit can operate at inci-
dent powers below �11.5 dBm. It is also proposed in [15] the E-peas AEM40940,
which offers RF energy harvesting solutions in three frequency bands 868 MHz,
915 MHz, and 2.45 GHz. This circuit offers usable DC output powers for incident RF
powers between �19.5 dBm and 10 dBm. Due to the flexibility of the charging
solution, these different circuits are a few examples that can be integrated into
computing systems, particularly in mobile IoT applications.

4. Design issues of rectenna circuit

When observing at the end-to-end conversion efficiency of a rectenna, it is
necessary to consider the energy propagation models, the receiving antenna, the
characteristics of the rectifying diodes (RF/DC Converter), the matching filter
design, and finally, the Storage Element as shown in Figure 3.

Energy propagation models can be used to estimate the harvestable energy levels
depending on the propagation environment [16]. The receiving antenna must be
designed to be optimal in the frequency band of the harvestable RF signals. The
used rectifying diode must have the least loss in the targeted frequency band. The
matching filter must be optimized to minimize reflection losses. A DC/DC con-
verter is added to achieve Maximum Power Point Tracking (MPPT). Finally, when
the rectenna is designed, its modeling is necessary to offer an efficient management

Figure 2.
End-to end IoT architecture.
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Figure 3.
Outline of design issues of rectenna.
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solution for the energy harvested. Note that once the components to achieve opti-
mal performance are selected concerning the concepts overviewed, circuit
manufacturing must be addressed; this chapter does not address this issue.

4.1 Classification of the different techniques

When considering the use of RF energy as a power source for WSs, it is impor-
tant to distinguish the Ambient RF Energy Harvesting (A-RF-EH) from Wireless
Power Transfer (WPT) [17, 18] (Figure 4). The A-RF-EH aims to recycle energy
available in the environment that comes from wireless communication devices’
surrounding activity, as shown in Figure 4(a). Due to potential health concerns, the
environment’s naturally available RF power levels are too low. However, several
designers have been able to propose solutions for harvesting usable quantities of
power. These solutions rely mainly on circuits’ design capable of harvesting RF
energy through several frequency bands simultaneously [19].

Another way to exploit RF energy is to use theWPT, as illustrated in Figure 4(b).
The WPT can be done either using magnetic fields to carry the electrical energy with
coils or by antennas. In the case of coils, the original proposal was made by Nicolas
Tesla [20] and is based on the magnetic resonance of two coils to distribute large
amounts of energy to locations far from the power source. Although this concept is
used by many applications such as Radio Frequency IDentification (RFID) tags [21]
and biomedical devices [22], it should be mentioned that its range is limited. It would,
therefore, be challenging to implement for WSs placed in hard-to-reach locations. In
addition to the constrained range, the power levels are too high, bringing health
issues and effects [11] when someone is close to the transmitter.

The most popular way to power the WS by RF energy is by using antennas. As
opposed to the near-field application, the use of antennas is known as the far-field
application. Historically, this way of transferring energy via radio waves dates to the
first works of Heinrich Hertz [23]. The block diagram of the conversion of RF into
DC energy via antennas is depicted in Figure 5 [17]. A transmitting antenna sends a
signal at a given power and frequency. A receiving antenna operating on the same
frequency then picks up the emitted signal. An RF/DC converter is used to trans-
form the RF signal into a DC signal. To ensure maximum power transfer between
the antenna and the RF/DC converter, it is essential to use a matching circuit. The
rectifier’s output DC voltage is generally very low and cannot be used directly for a
given application. Moreover, the value of the output DC voltage changes depending
on the input RF power level. A DC-to-DC converter is thus necessary to adapt the

Figure 4.
The technique of RF-EH. (a) A-RF-EH and (b) WPT.
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rectifier voltage to the storage element’s voltage requirement. The combination
made up of these blocks is called rectenna for Rectifying Antenna. The rectenna
circuits’ design issues then concern the channel’s modeling between the transmit-
ting and the receiving antenna, the receiving antenna’s designs, the matching cir-
cuit, the rectifying circuit, the DC-to-DC converter, and finally, the choice of the
storage element [24].

4.2 RF propagation models

The energy amount and rate received by an antenna over time are two critical
parameters to be considered before the circuit design [25]. Several propagation
models exist to predict the average strength of the signal received at a given dis-
tance from the transmitting antenna [16]. These models are divided into two broad
kinds: large-scale and small-scale fading models.

The large-scale models are used to assess the received signal’s strength over large
distances between the transmitting antenna and the receiving antenna; they are
then suitable for designing a WS based on the WPT. The basic model is the free
space model; it is an ideal model used when the transmitting antenna and the
receiving antenna have an unobstructed path. The received power is evaluated by
the Friis equation as follows:

Pr ¼ Pt
GtGrλ

2

4πdð Þ2
(1)

where Pt is the transmitting power, Pr is the power received at distance d, λ is the
wavelength of the transmitted signal, Gt and Gr represent the gains of the emitting
and receiving antennas, respectively.

Practically, to evaluate the received power by an antenna, three basic mecha-
nisms must be considered: reflection, diffraction, and scattering [16]. When con-
sidering ground reflection only, the Eq. (2) known as the two-ray model evaluates
the received power as:

Pr ¼ PtGtGr
h2t h

2
r

d4
(2)

where Pr,Pt,Gt,Gr and d are defined as above, ht and hr represent the heights of
the transmit and receive antennas, respectively.

Considering all the factors influencing signal propagation (reflection, diffrac-
tion, and scattering) can be done through models derived from the combination of
empirical and analytical methods [16], these models are widely used. The most
popular is the path loss model, which defines the received power in a complex
environment as follows:

Figure 5.
Generalized RF energy harvesting systems for WS.
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Pr d, nð Þ ¼ Pr d0ð Þ d0
d

� �n

(3)

d0 is a is a reference distance (d0 ¼ 1 m [16]) and n is the path loss exponent. The
value of n always relates to the propagation environment features. Pr d0ð Þ is the
received power at the d0 distance.

The current trend of WS powered by rectenna is the SWIPT, referred to as
Simultaneous Wireless Information and Power Transfer [11]. The small-scale fading
models are used to quantify the received power by a node, from a node close to it.
The fading models allow evaluating the rapid fluctuations of the emitted signal’s
amplitude over a short period or for a short distance. Fading models consider the
multiple versions of the emitted signal that reach the receiving antenna. If N is the
total number of possible equidistant multi-path components, then the instanta-
neous power received when a continuous signal is emitted is given by [16]:

p tð Þ ¼
X

N�1

i¼0

ai exp jθi t, τð Þð Þ
�

�

�

�

�

�

�

�

�

�

2

(4)

where ai and θi are respectively, the amplitude and phase of the ith received
signal, and τ is the maximum delay.

The above summarizes some commonly used RF energy propagation models.
Depending on the WPT or the A-RF-EH, deterministic models or stochastic models
can be used, respectively. These models must be considered before circuit design
because they make it possible to estimate the amount of harvestable energy.

4.3 The receiving antenna

Its role is to adequately capture the emitted signal with the right and high gain.
However, the increase of the antenna gain goes with an increase in its dimensions
through the equation:

GR ¼ 4πAe

λ2
(5)

Ae is the effective surface of the antenna, which is linked to its physical
dimensions [16]. High-gain antennas are also obtained by favoring directional
antennas over omnidirectional antennas. This has shown to be more effective in
SWIPT [26].

To maximize the energy harvested by the antenna, particularly in the case of
A-RF-EH, the studies report multi-band, broadband, and reconfigurable [27]
antennas to overcome a lack of knowledge of the transmitting antennas’ location
and frequency.

Another important feature of the receiving antenna is its polarization, which
must be circular to offer the possibility of keeping a constant DC output voltage
even if the transmitting antenna or the rectenna [28] are rotating. The most widely
used antennas are the dipole antennas, and the patch antennas. Since most applica-
tions have congestion as a design criterion, the patch antenna allows for easy
integration; it is lightweight, low-cost, and widely considered in rectenna design.
Also, these antennas are adapted to future 5G communication specifications [29].
The well-known structure of a patch antenna is shown in Figure 6.

The resonance frequency of the antenna, which must be the same as that of the
transmitted signal, is related to length L of the patch by [30]:
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L ¼ 1
2f r

ffiffiffiffiffiffiffiffiffiffiffiffiffi

μ0ε0εe
p � 2∆L (6)

μ0 and ε0 represent the permeability and the dielectric permittivity of the
vacuum respectively, ΔL is the length extension of the patch defined as:

∆L ¼ 0:412h
εe þ 0:3ð Þ W

h þ 0:264
� �

εe � 0:258ð Þ W
h þ 0:8

� � (7)

where εe is the effective permittivity of the substrate, which is related to the
relative permittivity as follow [31]:

εe ¼
εr þ 1
2

þ εr � 1
2

� �

1þ 12h
W

� ��1
2

(8)

The thickness h of the substrate shall satisfy the following condition:

h≤
1

4f r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μ0ε0 εr � 1ð Þ
p (9)

The width W of the patch influences the impedance of the antenna as well as its
bandwidth. It is also related to the resonance frequency f r of the antenna as follows:

W ¼ 1
2f r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
μ0ε0 εr þ 1ð Þ

s

(10)

In most design strategies, the formulas (6) to (10) are used for the first sizing of
the antenna, and then the optimization is done using an electromagnetic simulator.
Table 2 shows the gain capabilities for some patch antennas recently designed for
rectenna applications.

4.4 RF/DC converter

To be able to supply the WSs with DC power, the RF power harvested by the
antenna needs to be rectified. The RF/DC converter assumes this function. The
rectification function can be implemented either by transistors or with Schottky
diodes. Transistors are least-used because although they are more efficient at very

Figure 6.
3D view of the rectangular patch antenna.
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low levels of RF input power [35], the achieved maximum conversion efficiency
remains too low compared to that obtained with Schottky diodes [24]. For this
reason, the subsequent writing deals only with design issues based on Schottky
diodes. The fast switching and low threshold voltage diodes are the most considered
by considering the high frequencies and the low voltage level of the incident or
input RF signals. The small-signal Schottky diode model shown in Figure 7 is very
often used [36].

In this model, RS is the bulk series resistance, RL is the load resistance, R j is the
junction resistance, VDC is the voltage across the load resistance, and C j is the
junction capacitance, which depends on the RF input power as follows [36]:

C j ¼ C j0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V j

V j þ VDC

s

(11)

with C j0, the zero-bias junction capacitance of the Schottky diode.
The leading manufacturers of the commonly used diodes are Avago, Skyworks,

and Macon. Table 3 gives the characteristics of some of the Schottky diodes most
considered in the design of RF/DC converters.

In the previous subsection devoted to the receiving antenna, it was mentioned
that patch antennas, being compact, lightweight, and low-cost, are the most suitable
for the real applications of WSs for which congestion is one of the design con-
straints. However, compared to other antennas, patch antennas are narrowband
and offer lower gains. Thus, the rectifying diode’s conversion efficiency has become
a critical design criterion for rectenna circuits [37].

Frequency Gain dBið Þ Sizes L�W� h mm3
�

) Used substrate @ permittivity εr Ref

2:36 GHz� 2:4 GHz 6 60� 60� 3:2 RO4003@ εr ¼ 3:4 [30]

GSM 900 4:42 — FR4 @ εr ¼ 4:4 [32]

GSM 1800 4:32 — FR4 @ εr ¼ 4:4 [32]

3G 4:39 — FR4 @ εr ¼ 4:4 [32]

2:4 GHz 5:6 29� 37 � 16 FR4 @ εr ¼ 4:6 [33]

915 MHz 5:9 90� 125� 8 — [34]

2:4 GHz 7:52 75����3:8 Thin Teflon @ εr ¼ 2:35 [31]

5:5 GHz 7:26 75����3:8 Thin Teflon @ εr ¼ 2:35 [31]

GSM 900 7 115� 115� 1:6 RT/Duroid@ εr ¼ 2:2 [26]

Table 2.
Recent patch antennas gain for rectennas design.

Figure 7.
Small signal model of a Schottky diode.
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4.4.1 Conversion efficiency of the rectifying diode

When considering the transformation of the RF signal into a DC signal, the
energy harvested by the antenna undergoes the four-stage losses shown in Figure 8.
These losses are a significant factor in the choice of the rectifying diode.

The matching efficiency ηM represents the losses due to the insertion of a
matching filter between the antenna and the rectifier circuit, and it is defined in
[17] by:

ηM ¼ 1� S110j j2 (12)

where S110 is the unmatched reflection coefficient defined in [38] as:

S110 ¼
ZD � Z0

ZD þ Z0
(13)

Z0 is the output impedance of the antenna, which is generally designed to be
equal to 50 Ω, and ZD is the diode input impedance seen from the antenna.
Depending on the internal electrical elements of the diode (Cf. Figure 7), ZD is
expressed as follows [36]:

ZD ¼ πRS

cos θon
θon

cos θon
� sin θon

� 	

þ jωRSC j
π�θon
cos θon

þ sin θon
� 	 (14)

with ω ¼ 2πf , which is the pulsation of the rectenna, and θon is the diode
forward-bias turn-angle. θon changes according to the incident power as follows:

tan θon � θon ¼ πRS

RL 1þ V j

VDC

� 	 (15)

Considering Eqs. (13)–(15), an approximate expression of the unmatched
reflection coefficient was established in [35] as follows:

Figure 8.
Efficiency link of RF/DC power conversion.

Diodes HSMS

2810

Avago

HSMS

2820

Avago

HSMS

2850

Avago

HSMS

2860

Avago

SMS 1546

Skyworks

SMS 7621

Skyworks

SMS 7630

Skyworks

MA4E

1317

Macon

MA4E

2054

Macon

RS Ωð Þ 10 6 25 5 4 12 20 4 11

Vj Vð Þ 0.65 0.65 0.35 0.65 0.51 0.51 0.34 0.7 0.4

Cj0 pFð Þ 1.1 0.7 0.18 0.18 0.38 0.1 0.14 0.2 0.13

Table 3.
Small-signal characteristics for commonly used Schottky diodes.
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S110j j≈
R j þ RS � 50ð Þ: C2

j:R
2
j:ω

2 þ 1
� 	

R j þ RS þ 50ð Þ: C2
j:R

2
j:ω

2 þ 1
� 	 (16)

From this expression, the conclusion is drawn that at high frequencies, when

C2
j:R

2
j:ω

2
≥ 1, it is sufficient that RS is close enough to 50 Ω to ensure a minimum

reflection coefficient, and thus also to minimize the matching losses.
ηP in Figure 8 is the efficiency associated with parasitic losses; parasitic being

undesired mechanical and electrical characteristics that limit the performance of the
circuit. The parasitic component efficiency defined in [39] as:

ηP ¼ 1

1þ ωCj
� �2RS:Rj

� 	2 (17)

ηRF=DC in Figure 8 is the RF/DC conversion efficiency; it is related to the

elements of the diode through the following Equations [33, 36].

ηRF=DC ¼ 1
1þ Aþ Bþ C

(18)

with

A ¼ RL

πRS
1þ V j

VDC

� �2

θon 1þ 1
2 cos 2θon

� �

� 1, 5 tan θon


 �

B ¼
RS:RL:C2

j:ω
2

2π
1þ V j

VDC

� �

π � θon

cos 2θon
þ tan θon


 �

C ¼ RL

πRS
1þ V j

VDC

� �

V j

VDC
tan θon � θon½ �

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

(19)

ηDC=Load in Figure 8 represents the efficiency of DC power transfer; it is defined

in [40] as follows:

ηDC=Load ¼ RL

RL þ RT
(20)

where RT ¼ RS þ R jILoad [41] is the Thevenin resistance seen by the load, and RL

is the load resistance. To maximize ηDC=Load, it is necessary to use a Maximum Power

Point Tracking (MPPT) circuit.
Using Eqs. (12), (17), (18) and (20), a comparison of the RF/DC conversion

efficiencies of the four Avago diodes, whose characteristics are reported in Table 3,
was proposed in [33]; the obtained results are concise in Table 4. These results
show that, for usable power levels [42], the HSMS 2850 diode is more suitable for
circuit design.

4.4.2 Rectifier topology selection

Once the diode is selected, it is necessary to consider the topology of the rectifier
circuit. Some rectifier topologies recently used in the rectenna design are shown in
Figure 9. The most considered are the topologies Single Series Diode (SSD), Single
Parallel Diode (SPD), Full Bridge (FB), and Voltage Doubler (VD) [43]. The SSD
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and SPD topologies are single-wave rectifiers, while the FB and VD topologies are
full-wave rectifiers.

The characteristics of these basic topologies are proposed in Table 5. A compar-
ison of the three topologies SSD, SPD, and FB, was proposed in [43] using a
Rectenna Figure of Merit (RFoM) defined as follow:

RFoM Pinð Þ ¼ VOC � ηoptimal load (21)

where VOC is the open-circuit voltage of the rectifier and ηoptimal load is the

conversion efficiency reached on the optimal load of the rectifier circuit. The results
obtained in [43] are that the SSD topology is best suited for the low level of input
power �5 dBmð to 0 dBm), while the SPD topology is the most efficient for medium
input power level (0 to þ15 dBm); finally, the FB topology fits better for rectennas
operating at so-called high incident power levels (> 15 dBm). However, in the
literature, the most widely used topology is VD because of its voltage multiplier
character [33].

It is also possible to amplify the rectified output voltage several times using
several stages of voltage doubling (Figure 9e) [44]. When n voltage doublers are set
in series and connected to the load RL, the output voltage across the load is
expressed in [30, 45] as:

VDC ¼ VOC
nRL

nR0 þ RL
(22)

where RL is the load resistance of the rectifier and VOC it open-circuit voltage.

Figure 9.
Most used rectifier topologies (a) SSD, (b) SPD, (c) FB, (d) VD, and (e) multistage VD.

VDC Vð Þ Input RF power

(mW)

Optimal load

resistance (kΩ)

Maximum reached conversion

efficiency (%)

Best

rectifying

diode

1 3.52 0.8 35.5 HSMS 2850

1.8 7.12 1.22 37.3 HSMS 2850

2.5 14.63 1.13 37.8 HSMS 2860

3.5 26.21 38.3 1.22 HSMS 2860

Table 4.
Best Avago rectifier diode according to the incident power level.
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Although multi-stage VD can achieve significant voltage levels, the fact remains
that they contribute to increasing the overall size of the rectenna. Also, the increase
in components in the circuits contributes to an increase in losses. This is illustrated
in Figure 10, in which up to 10 stages of voltage doublers were analyzed by
simulation with Advanced Design System (ADS) software.

• Figure 10(a) represents the evolution of the open-circuit voltage VOC, and it is
observed that the increase in the number of stages contributes to increasing the
voltage level. Saturation is observed after 4 stages.

• Figure 10(b) shows the conversion efficiency, and it appears that 3 stages of
voltage doublers provide the best performance. Beyond that, the efficiency
obtained decreases; for example, for 10 stages, maximum efficiency of less
than 20% is reached at 10 dBm of incident power.

• In Figure 10(c), the circuit’s overall performance is analyzed according to the
RFoM defined by Eq. (21). The result shows that the best compromise is
reached with 4 stages.

Figure 10.
Mutistage VD analysis. (a) Open circuit voltage, (b) efficiency, (c) RFoM.

Topologies Description Advantages Drawback Applications

SSD Easy to implement because it

uses a single diode.

Suitable for

very low

power

applications.

Low output DC

voltage

A-RF-EH

SPD Similar to SSD topology with the

same performance. Instead,

rectifies the negative alternation.

Suitable for

very low

power

applications.

Low output DC

voltage

A-RF-EH

FB Uses the Graëtz bridge as in low-

frequency power electronics.

Good

conversion

efficiency at

high power.

Insensitive to small

tensions.

WPT

VD Simple Structure for rectifying

the two alternations.

Higher output

DC voltage.

Conversion efficiency

lower than that of

SSD and SPD

topologies.

A-RF-EH

WPT

Multi-stage

VD

Complex structure using several

diodes to amplify the signal

Higher output

DC voltage.

Low conversion

efficiency due to

losses in the diodes.

A-RF-EH

WPT

Table 5.
Comparison of main rectifier topologies.
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4.5 Impedance matching

In addition to ensuring maximum power transfer between the antenna and the
rectifier circuit, it also blocks the diode’s harmonics. There are two main types of
matching filters for rectennas: the transformer coupling and the LC network. LC
networks are more popular and better suited for designing rectennas because of
their ease of integration. The LC networks are made of reactive elements (coil and
capacitor) which are non-dissipative [24]. The primary LC network is the low pass
filter whose cutoff frequency is defined in [38] as:

f 0 ¼ 1

2π
ffiffiffiffiffiffiffi

LC
p (23)

The parameter for qualitatively characterizing the adaptation is the reflection
coefficient of the set consisting of the RF/DC converter and the input filter. A value
of �10 dB is acceptable, according to [38], to ensure the maximum transfer of the
harvested energy.

Very few analytical studies on the design of matching filters for rectenna circuits
have been introduced in recent years. This is due to the power of the ADS software
[33], which incorporates many tools to design and optimize the matching filter
elements. In summing up the works [33, 46], the steps for creating a matching filter
from the ADS software are shown in Figure 11.

It is shown (Cf. Figure 11) that from the reflection coefficient of the rectifier
circuit, the ADS matching utility tool is used to generate the matching filter in a
lumped component. These localized elements are the initial parameters that will then
be optimized to achieve specific objectives. Three objectives are generally targeted
simultaneously: the minimization of the reflection coefficient in the frequency band
of interest, the maximization of the conversion efficiency, and the maximization of
the DC output voltage for the expected input RF power level. The ADS software
integrates several optimization techniques, the principal ones being: Hybrid, Newton,
Quasi-Newton, Gradient, and Random technique. The gradient method search is the
most widely used and allows for adjusting a set of variables according to an error
function and its gradient. The error function usually used is the least-squares error
function. Once the matching filter elements are optimized, the next step in the filter
design is the transformation of the lumped component into a microstrip line. Then,
the electromagnetic momentum simulator, always integrated into the ADS software,
is used to predict the circuit’s performance at high frequencies. This tool is used to
create a physical layout to simulate the characteristics of the substrate.

Following the design steps, which are shown in Figure 11, it was proposed in
[33], a Rectenna-based Schottky diode HSMS 2850, with a band-pass filter for an

Figure 11.
Design step of an optimized matching filter in ADS software.
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optimal RF harvesting at 2:45 GHz. The results of the DC output voltage, the
reflection coefficient and the conversion efficiency obtained by the gradient
method search are shown in Figure 12. The local minimum is reached after 63
iterations, and at this point, the circuit demonstrates a conversion efficiency of
nearly 71% for an incident power of�2:1 dBm 0:61 mWð Þ.

4.6 DC/DC converter

Most rectennas deployed in a real environment have low and variable DC output
voltage due to slight fluctuations in RF input power. The voltage levels achieved
cannot, therefore, directly feed the storage element. The DC / DC converter’s func-
tion is then to adapt the output voltage of the rectifier to the charging voltage of the
storage element. Several DC/DC converters are commercially available. For the case
of rectennas design, the most suitable circuits are those with a low start-up voltage, a
minimum operating power, and a high conversion efficiency over a wide range. The
most appropriate circuits are then the TS3310 of TouchStone and bq25504 of Texas
Instrument. A comparison of these two DC/DC converters has been proposed in [47],
and it has emerged that the bq25504 converter offers better performance. However, it
is less suitable for high dynamic variations of rectenna input power.

4.7 Storage element

Because the harvested RF energy is extremely low, it is difficult to use it to power
the WS directly, hence the need for a storage element to accumulate this energy for
later use. There are three main components currently used to store harvested energy:
the battery, the capacitor, and the supercapacitor. Regardless of the type of the used
component, the main features are capacity, voltage, energy density, power density,
self-discharge, discharge depth, state of charge, and temperature effects. A compari-
son of the characteristics of these three components has been proposed in [48]. This
study emerges that the supercapacitors can provide high power over a short time;
however, the stored energy is ten times lower than that stored in a battery. This
justifies the current trend of hybrid storage devices that combine both batteries and
supercapacitors [49]. However, in the case of a rectenna, this solution would con-
tribute to increasing the circuit sizes. Thus, for most rectennas involved in WSs, the
energy density parameter is the most considered parameter, and it is the battery that
offers the best energy density [48]. Depending on the output voltage levels of the DC/
DC converter and the desired energy E for the operability of the WS, the capacitance
Cb of the battery is defined as:

Cb ¼
2E

V2
h � V2

ℓ

(24)

Figure 12.
Optimized rectifier performance at 2.45 GHz [33]. (a) DC output voltage, (b) Conversion Efficiency, (c)
reflection coefficient.
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where Vh and Vℓ represent the raising threshold voltage and the falling thresh-
old voltage of the DC/DC converter, respectively.

The general design method of WS powered by rectenna is to enslave the WS
operation to the available amount of energy. Therefore, one of the major design
issues is the battery recharging time, known in the literature as the duty cycle
strategy. The battery recharging time knowledge helps define the duty cycle of
sensors powered by the harvested energy. Depending on the battery features used,
the recharging time is defined in [50] by:

Tr ¼
CbDdVb

ηPr
(25)

where Cb is the battery capacity, Dd is the discharge depth, Vb is the constant
operating voltage (must be chosen equal to the output rectifier DC voltage), Pr is
the power harvested by the receiving antenna and η is the overall conversion
efficiency of the rectenna defined as:

η ¼ ηM:ηP:ηRF=DC:ηDC=Load (26)

Input power

(dBm)

Efficiency

(%)

Used rectifying

diode

Rectifier

topology

Frequency

band

Ref

�10 59 HSMS 2850 SSD 850–950 MHz [51]

13.5 80.4 HSMS 8202 SPD 850–950 MHz [52]

�7 84 1 N6263 FB 850–950 MHz [53]

10 40* HSMS 2850 VD 850–950 MHz [54]

�1 42 SMS 7630 VD 850–950 MHz [55]

�2.5 65 SMS 7630 VD 850–950 MHz [56]

�20 20 HSMS 2820 SSD 2.4–2.45 GHz [57]

10 66.8 HSMS 2860 SSD 2.4–2.45 GHz [58]

0 54 HSMS 2852 SSD 2.4–2.45 GHz [59]

8 72.8 SMS 7630 SSD 2.4–2.45 GHz [60]

83 20 MA4E1317 SPD 2.4–2.45 GHz [61]

76 26 HSMS 282P FB 2.4–2.45 GHz [62]

�13 9** SMS 7630 VD 2.4–2.45 GHz [55]

�10 45 HSMS 2852 VD 2.4–2.45 GHz [63]

17 82 MA40150–119 SPD 5.8 GHz [36]

17.7 79.5 MA4E1317 SPD 5.8 GHz [52]

27 76 MA4E1317 SPD 5.8 GHz [64]

0 18 MA4E1317 SPD 5.8 GHz [61]

20 76 MA4E1317 SPD 5.8 GHz [65]

0 54 — SPD 5.8 GHz [66]

*is an efficiency achieved without the use of a matching filter.
**is the overall conversion efficiency considering the RF signal path losses.

Table 6.
Some recent rectenna circuit performances.
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For the WS’s perpetual operation, the recharging time must be equal to the time
delay spent, by sensor nodes, in the sleep mode, and the energy used during the
active mode must avoid draining the battery.

All the above shows that the performance of rectenna circuits depends on sev-
eral parameters that have been defined in this chapter. The most considered per-
formance criterion is the conversion efficiency of the Rectenna. A comparison of
efficiency for circuits designed between 2006 and 2014 was reported in [24]. In
Table 6, the performances of recent designs are presented. Particular attention is
paid to the rectifying diode used, as well as the rectifier topology.

5. Conclusion

This chapter reports recent advances in the design of radiofrequency energy
harvester circuits. To do this, we started by justifying the use of the RF source as a
primary energy source for feeding the sensor nodes dedicated to the IoT networks.
The need for completely energy-autonomous WSs in mobile computing systems has
also been highlighted. We then gave an overview of the efforts carried out in the
design of rectenna circuits. Current limitations due mainly to health concerns and
circuit size were also mentioned. More specifically, a classification of harvesting
techniques was defined, the different models of energy propagation were reviewed.
The performance of the receiving patch antennas recently designed for IoT appli-
cations has been noted. The performance comparison of recently used rectifying
diodes and the areas of use of the main rectifier topologies were also proposed.
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