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ABSTRACT
In this paper, a comprehensive survey on the key components of a rectenna system, including
antenna configurations, rectifier configurations, impedance matching networks, and RF filter, is
outlined. Due to increased applications, the rectenna has occupied a unique place in the RF and
microwave engineering. For the last few decades, the research on the rectenna design is focused-
on to improve the power conversion efficiency, compatibility and to reduce the design complexity.
Themain objective of the proposed paper is (i) to accommodate the key design requirements of the
rectenna; (ii) highlight the specifications and the possible configurations of the rectenna elements
as diode, rectifier, and input source; and (iii) present an inclusive survey of the remarkable research
carried out and obtained results.
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1. INTRODUCTION

Advancements in the field of wireless technologies have
led to the development of various wireless technologies
such as internet of things (IoT), 5G systems, RFID Tags,
wearable/ portable devices, which demand efficient elec-
tronic devices for their effective implementation. These
technologies involve sensors that are deployed at remote
places with the capacity of interacting with each other
through wireless media. However, it is difficult to pro-
vide endless power to these devices with conventional
approaches like by a battery or through wired cables
[1]. Also, the lifetime of the battery is limited, so the
frequent replacements of the battery is needed. This
increases the additional expenditure on the system and
may cause environmental pollution. Sometimes, replac-
ing the battery placed at an inaccessible place, becomes
impossible. To overcome these limitations, energy har-
vesting (EH) techniques have grabbed significant atten-
tion globally [1]. Different energy harvesting approaches
available, based on type of sources, are as follows: solar
EH, wind EH, acoustic EH, thermal EH, mechanical EH,
radio frequency (RF) EH, etc. Among all energy har-
vesting techniques, radio-frequency energy harvesting
(RFEH) is amore prominent technique due to an increas-
ing availability of RF energy emanating from different
widely available radio transmitters. Besides, by virtue of
limited space requirement for installing the harvesting
system, RFEH systems can be operated efficiently in the
indoor atmosphere. However, low power density is the

main limitation in the RFEH approach. The rectenna is
an essential component for converting ambient electro-
magnetic radiation into a usable form of electrical direct
current (DC). In 1960′s, the concept of the rectenna
was initially proposed by William C. Brown for wireless
power transfer applications [2]. Wireless transmission is
useful to power electrical devices in cases where inter-
connecting wires are inconvenient, hazardous, or are not
feasible. Finally, a rectenna device was implemented in
1964 and patented in 1969 by William C. Brown [3].
At that time, the size of the rectenna was very large.
Since the invention of rectenna, tremendous research has
been carried out to improve the rectenna performance by
reducing the size. Later on, applications of rectenna are
extended to wireless energy harvesting (WEH), wireless
sensor networks (WSN) and implantable devices. How-
ever, rectennas are suffering from larger dimensions and
low rectenna efficiency.

The overall efficiency of the rectenna is an important
parameter. The rectenna efficiency largely depends on
the efficiency of individual elements connected to the
rectenna system. The crucial stages in implementing the
rectenna are designing an efficient antenna and a rec-
tifier circuit. The performance of the rectenna usually
relies on the performances of both the harvesting abil-
ity of the antenna and power conversion efficiency (PCE)
of the rectifier circuit. In general, the PCE of the rectify-
ing circuit is directly proportional to the power captured
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by the antenna. The PCE is defined as the ratio of the
output DC power to the input RF power to the rectifier
circuit. As the power received by the antenna is more, the
power supplied to the rectifying circuit increases which
in turn increase the available power to be delivered to
the load. Various techniques for increasing the receiv-
ing power by the antenna followed by the PCE of the
rectifier circuit have been analysed in this review arti-
cle. As far as, the literature on rectenna review articles
is concerned, many review works have been reported
in the existing literature, however, their scope has been
very much limited [4–9]. Hamid et al. [4] have reviewed
primarily about different rectifier topologies for energy
harvesting applications. Antwi et al. [5] have reviewed
the design issues of the rectenna with an emphasis on the
impedance matching network. Zahriladha et al. [6] have
reviewed various antenna and rectifier topologies and
their comparisons. However, they did not consider differ-
ent techniques that are useful for increasing the rectenna
performance such as gain, miniaturization, etc. Evgeniy
et al. [7] have reviewed the progress in the rectenna
but only with various diode components and their fab-
rication techniques. Sleebi et al. [8] have reviewed the
present design challenges of rectenna including various
rectifier topologies. Cansiz et al. [9] have reviewed the
harvesting system components, especially focusing effi-
ciency performance of the rectenna. Thus, a review arti-
cle by simultaneously considering the design aspects and
performance evaluation of different configurations of a
rectenna circuit has not been reported till date to the best
of the authors’ knowledge. The comprehensive discus-
sion on key modules of the rectenna includes the type,
specifications, and configurations of an antenna, a brief
overview of the antennaminiaturization techniques, type
of diodes, rectifier configurations, are made in the pro-
posed review article. In Section 2, an overview of RFEH
systems has been made. In Section 3, various antenna
configurations [10–85], and their performances are dis-
cussed. Types of rectifiers and their topologies are then
discussed in Section 4. Section 5 discusses the Filter
andmatching networks. Applications of rectenna are dis-
cussed in Section 6. Section 7 illustrates the summary
of the reviewing process. Finally, Section 8 discusses the
concluding remarks followed by references.

2. AN OVERVIEWOF REEH SYSTEMS

As described in Section 1, radio-frequency energy har-
vesting (RFEH) is one of the common techniques used
for harvesting the energy especially to energize lowpower
electronic devices. The RFEH approach employs harvest-
ing electrical form of energy of ambient or dedicated RF

Figure 1: Basic block diagram of a rectenna

sources present in the surrounding atmosphere and pro-
cessing the signal according to the desired manner of
energizing low power electronic devices. The available
power density from the different RF sources is vary-
ing from 0.1 μW/cm2 (ambient source) to 1000 μW/cm2

(dedicated source). The device used for capturing the
EM signal, is a rectifying antenna which is basically an
integrated form of antenna circuit and rectifier circuit.
This rectifying antenna, commonly known as rectenna,
has achieved maximum attention among the researchers
in recent years. The basic block diagram of a rectenna
system is shown in Figure 1.

In general, the rectenna system consists of an antenna,
rectifier, impedance matching network and RF filter. The
antenna is to sense and receive the RF energy and the
rectifier then converts the RF signal into DC signal. An
RF input filter, known as “pre-rectifier,” is basically a
filter used to suppress harmonics generated by a non-
linear component in the rectifier. The matching network
is required between the filter and rectifier circuit for
maximum power transfer. Irrespective of the application,
the basic functioning of a rectenna system remains the
same. A flow-diagram, showing various components and
applications of the rectenna system, is shown in Figure 2.

Various energy sources radiating energy in the RF
bands are as: frequency modulation (FM), digital televi-
sion (DTV), Global System for Mobile Communications
(GSM), Global Positioning System (GPS), Long Term
Evolution (LTE), Universal Mobile Telecommunications
System (UMTS), Wireless Fidelity (Wi-Fi), Worldwide
Interoperability forMicrowave Access (Wi-Max), and 5G
etc. Energy from these sources can be utilized for RFEH
systems. Frequency bands of some of the sources are
listed out in the Table 1, as shown below.

3. ANTENNA CONFIGURATIONS

The antenna is one of the crucial components deployed in
the front-end of a rectenna system. The antenna is used to
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Figure 2: Flow-diagram of various components of rectenna

Table 1: Frequency bands and ranges
S. No. Frequency band Range of frequencies (GHz)

1. FM 0.088–0.108
2. DTV 0.470–0.862
3. GSM900 0.890–0.960
4. GSM1800 1.710–1.880
5. UMTS2100 1.920–2.170
6. LTE2500 2.500–2.690
7. Wi-Fi 2.400–2.483

5.725–5.870
8. Wi-Max 3.300–3.500
9. 5G 3.400–3.600

3.700–4.200
4.800–4.990
24.250 -29.500

receive the incoming RF power and convert it to DC sig-
nal through the subsequent stages of the rectenna system.
The performance, size, and complexity of a rectenna sys-
tem are highly governed by the efficiency of the selected
antenna. An antenna structure is desired to have broad
operating frequency range, high gain, omnidirectional
radiation pattern, circular polarization, compact dimen-
sions, low-profile, etc. In this section, the performance
of several antenna configurations available in open liter-
ature [10–85], are studied in detail. For ease of under-
standing, the existing literature is classified into differ-
ent subsections based on their frequency of operation

as single-band [10–52], broad-band [53–63], and dual-
/multi-band [64–85], respectively.

3.1 Single-Band Antennas

In rectenna systems, single-band antennas are designed
to operate in a single narrow frequency band. From
a performance point of view, different parameters are
considered while designing single-band antennas. Cir-
cular polarization (CP) is one such key parameter that
is intended to obtain a stable output power from the
antenna. A stable output helps in increasing the overall
rectenna output power. Further, the ability of CP anten-
nas to receive RF energy in any plane with minimum
loss makes them an important candidate for improv-
ing the overall efficiencies in rectennas systems. Several
configurations of single-band antennas are investigated
in the open literature to achieve CP. Terminated gaps
in a dual-rhombic loop antenna provide the CP charac-
teristics [10–12]. A radiating patch embedded with two
unbalanced slots yields CP properties [13]. In addition
to the CP, the antenna also holds harmonic rejection
property with reduced antenna size. A dual-port antenna
is investigated in which two cross-slots are etched in
the ground plane for generating CP [14]. Two small
triangular-shaped cuts on to the periphery of a circular
microstrip patch antenna help in achieving CP character-
istics [15]. In [16], the CP is achieved by optimizing the
lengths of four symmetrically integrated strips diagonally
with a square patch. Saswati [17] has obtained CP fea-
tures with a shorted section embedded on to a square ring
slot antenna. An aperture coupling with an isosceles right
triangle slot offers CP [18]. The CP characteristics are
observed with an embedded U-shaped slot in addition to
truncated corners of a radiating patch [19]. A dual-fed by
two slot-lines with transverse ends is implemented for CP
in [20]. The implemented antenna design with a copla-
nar waveguide (CPW) back-feeding technique is used
to improve the antenna bandwidth. A circular radiating
patchwith an embedding E-shaped slot with four notches
is investigated for CP [21]. Shabnam et al. [22] have
proposed a technique with multiple microstrip patches
oriented orthogonally and excited with 90° phase dif-
ference to provide CP. A substrate integrated waveguide
(SIW) cavity-backed technique is further used to improve
the axial ratio performance.

However, a circularly polarized (CP) antenna unable to
detect a reversely circularly polarized wave. Thus, the
harvesting ability of a CP antenna deteriorates from
the mismatch loss due to polarization inequality. To
overcome this limitation, antennas with dual polar-
ized (dual linearly or dual circularly) configuration has
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been proposed. A dual polarized antenna receives any
polarized wave from the surrounding environment. Sun
et al. [23] have implemented a dual port dual linearly
polarized antenna. The two ports (H-port and V-port)
of the antenna are used to receive all polarized signals.
Besides this, a dual port rectifier circuit is designed for
obtaining better conversion efficiency. Chou et al. [24]
have designed a dual circularly polarized (DCP) antenna.
A T-shaped slot in the ground plane in addition to
the perpendicular feed-lines are helps in receiving all
polarized waves. The antenna also holds the harmonic
rejection property. Two cross-slots etched in the ground
plane which is placed between two substrate materials
helps in achieving dual circular polarization character-
istics is discussed in [25]. A dual-polarized EM energy
harvester is implemented using an array of 16 Electric
Inductive-Capacitive (ELC) resonator cells which forms
a metamaterial medium in [26]. In [27], an aperture
coupled microstrip patch antenna is implemented for
dual-polarization characteristics. Two H-shaped orthog-
onal slots are introduced in the ground plane excites
two orthogonal modes. Two non-uniform superstrate
layers are placed one over the other to form a Febry-
Perot antenna. These layers help in increasing the gain of
the antenna. However, all these proposed designs suffer
either from an adjustment of feeding ports at an appro-
priate place or with large antenna dimension due to an
array of elements.

Another important characteristic parameter is the antenna
gain. An antenna with a high gain is able to collect more
RF energy from the ambient environment since the gain
of the antenna is directly proportional to the electrical
aperture area of the antenna. Antennas are required to
have a high gain when the incident direction of a receiv-
ing signal is known. In addition to a high gain, omnidi-
rectional features of the antenna helps in receiving more
RF energy from the receiver even if the incident direction
is unknown. Besides these, dual polarization character-
istics are additional benefit of an antenna for further
increasing the harvesting power. A high gain antenna
is suitable for achieving more received power and bet-
ter power conversion efficiency (PCE) with high output
voltage. In the literature, various techniques have been
adapted to increase the antenna gain. A stacked antenna
configuration is implemented to achieve a large gain as
referenced in [28–30]. In [29], it is further investigated
that by introducing an air-gap in a stacked dielectric res-
onator antenna (DRA), the performances of antenna such
as gain and impedance bandwidth improve, as shown in
Figure 3. In [30], introducing the aluminium cavity along
with metallic vias in a stacked DRA structure enhances
both gain and impedance bandwidth performances. The

Figure 3: (a) DR antenna (b) simulated return loss performance
(c) simulated gain performance [29]

gain of an antenna can also be increased by placing a
reflecting plane behind an antenna [31]. A dual-probe
feeding technique is investigated to enhance gain per-
formance [32]. In addition, the impedance bandwidth is
increased by introducing an air-gap.

The use of differential feeding techniques to increase the
antenna gain is noticed in [33, 34]. In [33], microstrip
antennas adopted differential feed operation that reduces
the cross-polarization. Besides this, higher-order modes
also suppressed with differential feeding. Thus, the radi-
ation efficiency of the antenna can be increased and the
resultant gain can be improved. Two ports are to be
adjusted properly for feeding the antenna in a differ-
ential feeding case to achieve sufficient gain, as shown
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Figure 4: Two Configurations (a) Rectenna #1 top-view, (b)
Rectenna #1 side-view, (c) Rectenna #2 top-view, (d) Rectenna #2
side-view [33]

in Figure 4. Here the Rectenna #1 is implemented in
a single-feed configuration and Rectenna #2 is imple-
mented with a differential feeding provided by two feed
probes. However, the use of two different sources for dif-
ferential feeding increases the system complexity. In [35],
it is noticed that the gain of the antenna is increased
by loading two perfect electric conductor (PEC) side-
walls on to the chosenRogersDuroid 5880 substrate. Two
sidewalls are perpendicular to the plane of the substrate.

The antenna gain, increased with an array configura-
tion of antennas in a single band rectenna, is investigated
in [12, 36]. An array of dual-rhombic-loop antennas
(DRLAs) helps in achieving large antenna gain [12]. Ren
et al. [36] have investigated that the array of antenna
elements increases the antenna gain further. A special
technique like aperture coupled patch antenna array is
studied in [37]. The proposed aperture coupled antenna
array helps in increasing the receiving power above 0
dBm with increased gain. Sethi et al. [38] have imple-
mented an equilateral triangular DR antenna array for
improving the directivity and bandwidth. An antenna
array operating at a cellular GSM900 band is investigated
[39]. The proposed antenna array is composed of two
T-shaped monopole antennas. The implemented array
enhances the antenna gain, as shown in Figure 5. A stub
introduced in the ground plane, makes the antenna size
compact.

To increase the beamwidth, an array of four antennas
including two auxiliary antennas, has been implemented

Figure 5: Array design and the performance [39]

in [40]. In [41], an enhancement in the received power
is observed by increasing the number of feeding lines
in the array design. The techniques that are reported in
the literature for increasing gain are found to increase
the antenna size and complexity. Moreover, it is noticed
that the antenna array narrows the bandwidth thereby
the capturing ability is reduced. Hu et al. [42] have pro-
posed a multiport approach for wide angle coverage in
addition to have high gain of the antenna. A grid array
antenna with tilted beams have been implemented to
realize a multiport antenna. An RF balanced charac-
teristic incorporated two-branch rectifier circuit is pre-
sented to add the rectified DC power. Various techniques
are thereby adopted to achieve antenna miniaturization.
Shabnam et al. [43] have proposed a technique in which
the antenna radiator is folded to obtain compactness.
The fractal geometries are also investigated in [44–46]
to reduce the antenna size. Slots-loaded microstrip radi-
ating patch antenna [47] and meandered line technique
[48] helps in minimizing the antenna size. A rectangu-
lar ring printed around the flat dipole antenna (FDA) is
investigated in [49]. The antenna with a circinal geom-
etry makes the antenna size compact [50]. The circinal
geometry is realized by expanding the folding curves. A
spiral planar inverted-F antenna (SPIFA) is proposed in
[51] to design a compact antenna. The planar inverted-
F antennas (PIFAs) are resonating at less than quarter-
wavelength due to shorting pin at the end. A modified
form of Hilbert fractal geometry is proposed to imple-
ment a rectenna with a tiny-size antenna [52]. Thus,
the single band antenna configuration receives a large
amount of power either with a large aperture area of
a radiating patch or with a large antenna gain. A large
aperture area is possible by an array of antennas, which
increases the size of the antenna and hence the size of
the rectenna too. Thus, a single band antenna with high
gain is suitable for the rectenna design. The techniques
that are reported for increasing the gain [28, 30–35]
increase the rectenna dimension or the design complex-
ity. In the reported literature [29], a multi-layer structure
is the most favorable technique to achieve high gain. To
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extend rectenna applications, the antenna size following
the rectenna size must be small. A fractal-based geom-
etry is the most useful technique to make the antenna
size compact. The main limitation with a single band
antenna in the rectenna system is their compatibility in
all geographical areas due to their unique frequency of
operation.

3.2 Broad-Band Antennas

The broadband antennas are designed to operate over
a broad range of frequencies. The antenna can collect
energy from multiple sources covered over the broad
range of frequencies. Multiple works of literature are
reported on broadband antennas. In [53], a grounded
coplanar waveguide (GCPW) antenna is proposed to
achieve wide impedance bandwidth. Arrawatia et al. [54]
have proposed broadband bent triangular antenna in
which introducing gradual flaring at each bend in the
proposed antenna enhances the impedance bandwidth of
the antenna. The broadband characteristics are achieved
by introducing a slot in the ground plane [55, 56]. In
[55], a combination of DRA and an underlying slot with
a narrow rectangular notch in the ground plane broad-
ens the antenna bandwidth. Whereas, in addition to a
slot in the ground plane, a patch is also loaded in the
ground plane for further improvement in the bandwidth
[56]. A fractal antenna with CPW feeding is investigated
in [57]. A CPW-fed slotted microstrip patch antenna is
implemented in [58] to achieve broadband characteris-
tics. Slots embedded in the microstrip patch antenna are
optimized to obtain the desired response. A log-periodic
dipole array (LPDA) antenna is implemented to achieve
an increase in gain over the entire operating band of the
designed antenna [59]. In addition to having a high gain,
the CP property is achieved with an array of patch anten-
nas by employing sequential rotation technique in [60].
Compact broadband antennas are desirable to meet the
trend of miniaturized and light-weight rectenna designs.
AVivaldi antenna is proposed to have broadband charac-
teristics with compact antenna size [61]. By introducing
rectangular and annular slots on the radiating surface,
antenna bandwidth is enhanced by Shi et al. [62]. Fur-
ther improvement in bandwidth is obtained by embed-
ding symmetrical slots on either side to the feed-line in
the ground plane. A CPW monopole antenna is investi-
gated in [63]. The broadband antennas, thus discussed,
operate over a wide range of frequencies. Hence, it is dif-
ficult to achieve the proper impedancematching between
antenna and rectifier circuit. The mismatching in the
impedance may result in reducing the RF-to-DC conver-
sion efficiency of the rectenna system. From the literature,
it is noticed that a slot-loaded ground structure is awidely

adopted technique to obtain broadband characteristics of
an antenna.

3.3 Dual-/Multi-Band Antennas

The multi-band antenna covers many desired frequen-
cies that are useful for rectenna applications. Thus, the
antenna receives more power from the ambient envi-
ronment. A limited literature on multi-band antennas
[64–85] for designing a rectenna is available. A mean-
dered line integrated planar inverted-F antenna (PIFA)
structure is proposed to obtain triple-band characteris-
tics in [64]. A slot-loaded folded antenna operating at
two frequencies is studied in [65]. In [66], it is observed
that the performance of the multi-band antenna is better
than that of a single band antenna, as shown in Figure 6.
A pentagon-shaped DRA with a rectangular slot in the
ground plane is implemented in [67] for achieving a
wider impedance bandwidth with an increase in gain. A
dual-port L-probe triple-band microstrip patch antenna
is investigated in [68]. The proposed patch antenna is
implemented by stacking two single-port patch anten-
nas back-to-back. Miaowang et al. [69] have proposed
a monopole antenna with two arms. The longer arm
with fractal geometry produced a lower frequency band
and a shorter arm generates a higher frequency band.
The antenna with multi-band characteristics is imple-
mented with two annular slots nested one inside the
other [70]. Slots-loaded antennas are investigated to
achieve multi-band characteristics in [71–72]. A multi-
band antenna with high gain characteristics increases
the antenna receiving power. Various techniques such as
differential-feeding [73], air-gap technique [74], antenna
array [75–76], and aperture-coupled feeding technique
[77]. These reported techniques are suffering either from
large antenna size or design complexity. A multi-band
rectenna with small antenna size increases rectenna
applications. Different techniques such as Fractal geome-
try [78], meandered lines concept [79], Sierpinski fractal
technique [80] and multi-bending curves method [81]
have been adopted to make the antenna size compact. A
multi-band antenna with circular polarization (CP) char-
acteristics is an added advantage to receive more and
stable power. Neeta et al. [82] have presented a dual-
polarized antenna. The designed antenna provided CP at
three resonant bands. The CP at three bands is achieved
by truncating the corners of the square patch radiator and
loadedwith some circular slots andL-slots surrounded by
a U-shaped slot.

A spiral antenna with asymmetrical cross slots loaded
in the patch is implemented in [83]. Truncated cor-
ners in the proposed antenna design help in achieving
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Figure 6: Performance comparisonof Rectenna (a) RF-to-DCcon-
version efficiency, (b) DC output voltage performance [66].

CP characteristics. A fractal geometry with few trun-
cations provides CP at two frequencies in a six-band
antenna is studied in [84]. Enhanced performance is
noticed with a multi-band rectenna implemented with
an array of antennas compared to a single band circu-
larly polarized rectenna [85]. The multiband antennas,
discussed here, operate over multiple frequencies and
capture the EM energy from all its operating bands.
Hence, the receiving power by them is more. Achieving
proper impedance matching is comparatively better than
a broadband antenna. A slot-loaded radiating patch is the
most suitable technique to obtain multiple band char-
acteristics. Most of the multi-band designs reported in

Table 2: Operating frequencies of rectenna applications
S. No. Frequency (GHz) Ref.

1. 0.402 [64]
2. 0.433 [64]
3. 0.9 [17, 28, 39, 43, 49, 52, 65, 66–70, 79, 84]
4. 1.8 [41, 44, 66–71, 74–76, 79, 84]
5. 2.1 [41, 66, 68, 70, 71, 73, 75–76, 80]
6. 2.3 [62]
7. 2.4 [21, 26, 32, 48, 72, 74, 83]
8. 2.45 [13–15, 18, 19, 23–25, 31, 33, 35, 41,42, 45–47,

50, 53, 64–66, 73, 77, 78, 81]
9. 2.5 [62, 84]
10. 2.6 [16, 41, 70]
11. 3.5 [73, 81, 83, 84]
12. 4.75 [82]
13. 5.0 [29, 77]
14. 5.2 [83]
15. 5.5 [82, 84]
16. 5.8 [10–12, 20, 27, 34, 36, 37, 40, 58, 72, 78, 80, 82]
17. 6.2 [27]
18. 6.4 [82]
19. 6.9 [82]
20. 7.35 [84]
21. 7.61 [82]
22. 24.0 [22]

the literature [73–77] are suffered from large dimensions.
Multi-band antennas with compact sizes are desirable for
an increasing number of rectenna applications.

Various antenna configurations that are used different
frequency bands for rectenna applications are presented
in a Tabular form, as presented in the Table 2. From
Table 2, it is observed that frequencies which are most
suitable for radio frequency energy harvesting applica-
tions are 0.9GHz, 1.8GHz, 2.1GHz, 2.4GHz, 2.45GHz,
3.5GHz, and 5.8GHz frequencies.

4. RECTIFIER CONFIGURATIONS

The rectifier is another integral part of a rectenna system
which converts the received RF power into DC power.
Designing a rectifier with increased rectification effi-
ciency is a challenging task. The efficiency of a rectifier
circuit is usually represented in terms of the parameter
known as power conversion efficiency (PCE) which is
numerically defined as:

ηRF−DC = Pdc
PRF

= Vdc × Idc
PRF

= V2
dc

PRF × RL
(1)

here, “Vdc” and “Idc” denotes the DC output voltage and
DC output current, respectively across load resistance
(RL). The diode is an essential component of the rectify-
ing circuit that is used for RF-to-DC conversion process.
In general, diodes with a low threshold voltage (Vth) or
low turn-on voltage, low series resistance (Rs), low junc-
tion capacitance (Cjo), and large breakdown voltage (Vbr)
are used for designing rectifier circuits [43]. A diode
with a low turn-on or threshold (VTh) voltage and high
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Table 3: Characteristic parameters of Schottky diodemodels
Diode Model Manufacturer Vth (V) Rs (�) Cjo (pF) Vbr (V) Is (μA) Ref.

SMS7630 Sky Works 0.09 20 0.14 2.0 5.0 [65, 76]
MA4E1317 M/A COM 0.7 4.0 0.02 7.0 0.1 [10, 12]
HSMS2852 Avago 0.15 25.0 – 3.8 3.0 [82]
HSMS2860 Avago 0.25 6.0 – 7.0 0.05 [91]
HSMS2850 Avago 0.15 25.0 0.18 3.8 3.0 [92]
HSMS286B Avago 0.69 6.0 0.18 7.0 0.05 [74]
HSMS2820 Avago 0.15 6.0 0.7 15.0 0.022 [90, 93]

breakdown voltage is desirable for the rectifier design.
However, it is difficult to realize both the characteristics
in the same diode. In addition to these, reverse satura-
tion current (Is) of a diode is also one of the important
characteristic parameters. The saturation current of the
diode changes the diode parallel resistance. For larger val-
ues of “Is”, the diode parallel resistance reduces which is
more effective at low frequencies [86]. Further, the diode
resistance also reduces, hence the diode allows to start the
conduction at low input power levels. The “Is” rely on the
diode barrier width. The diode having low barrier height
possesses low forward voltage drop and large amount of
reverse leakage current across the diode junction barrier.
The turn-on voltage of the diode becomes low. Thus, the
application of low power levels desires the diode with
large reverse saturation current (Is) to turn-on the diode
easily at low power signals. The diode with more satura-
tion current offers better conversion efficiency compar-
atively. The conventional diodes are not suitable for use
at radio frequencies. Therefore, a special class of diodes
such as Schottky diodes is used that satisfy the require-
ments of a rectifier circuit at RF levels. In the literature,
various Schottky diode families for rectenna applications
have been studied. The most frequently used diodes are
HSMS28xx, MA4E1317, and SMS7630. Because of its
low threshold voltage, the diode SMS7630 is usually cho-
sen for designing rectifiers with weak RF input signal
(< −40 dBm) [65, 76, 87]. The HSMS28xx diode fam-
ilies have a range of breakdown voltages from 3.8V to
15V [88, 74, 13]. This diode family is, therefore, suit-
able to operate at both low and high input power levels
(>−40 dBm). The diode MA4E1317 has a breakdown
voltage of 7V [10, 12, 89], which is best suited where the
input power level is greater than 0dBm. A detailed exper-
imental study to analyse the performances of SMS7630
and HSMS28xx diodes families at various power levels
has also been performed in [90]. The diode SMS7630 per-
formance is found better for power levels below 13 dBm
(between the ranges of RF values −50 dBm to 13 dBm).
The output from the rectenna is limited to a maximum
of half of the breakdown voltage. Thus, the diode with a
large breakdown voltage provides a better output voltage.
SMS7630 diode family is found to be suitable for low RF
input power levels and HSMS28xx family is suitable for

large input power levels. Table 3 lists the electrical char-
acteristics of some of the frequently used Schottky diode
models for increasing PCE in rectenna applications.

Diode based rectifier configurations are generally used
in rectenna circuits due to its low turn on or thresh-
old voltage compared with CMOS circuits. However,
CMOS rectifiers using “three-terminal” MOS transis-
tor, have unique characteristics that cannot be realized
by rectifiers composed of “two-terminal” diode. When
bias voltage is applied to MOS gate electrode, turn-on
voltage of diode-connected MOS transistor can be var-
ied. Some VTh-cancelation high efficiency rectifiers with
reduced forward voltage drop have been presented so far.
In [94], a CMOS half wave rectifier (HWR) circuit is
implemented for RFID tags. No external biasing circuit
is needed for “VTh” cancelation. The proposed CMOS
HWR circuit achieves two properties such as, primarily
it holds an internal “Vth” cancelation circuit, and sec-
ondly, the decoupling of parasitic capacitances is possible
in the internal “VTh” cancelation circuit from the input
terminals. A differential “VTh” cancelation approach is
investigated in [95]. The gate of the transistor is actively
biased by a differential mode signal. A multi-stage con-
figuration is realized for large output voltage without
degrading the PCE. In [96], an enhancement in rectenna
performance in terms of output voltage is observedwith a
RF multi-stage CMOS rectifier. Here, self-compensation
of “VTh” is achieved by increasing the gate bias offset with
increasing number of cascaded doubler stages. A cross-
coupled differential rectifier approach is implemented
for “VTh” self-cancelation in [97]. Here, the output and
common mode gate voltages are generated during recti-
fication, provides an additional biasing and reduces the
required turn-on voltage, effectively. A multi-stage rec-
tifier further is employed to enhance the rectifier output
voltage performance. The better performance of a voltage
multiplier circuit with PMOS in terms of both PCE and
output voltage is observed in [98].

The performance comparison of various diodes has been
observed in [99]. The CMOS rectifier provides better
conversion efficiency than all other components at low
input power levels. However, the performance of a Spin
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Diode is found to be suitable for rectification at ultra-low
RF input power levels due to its low zero bias resis-
tance (ZBR). The ZBR is a directly proportional to the
area of the tunnel junction in the Spin Diode. However,
the Spin Diode doesn’t have enough non-linearity for
demonstrating as a practical rectifier.

However, the limitation of Schottky diode using circuit-
based approach is its higher production costs compared
with the standard CMOS technology comparatively. But,
the turn on voltage of CMOS rectifiers is large com-
pared with Schottky diodes. Various approaches have
beendiscussed to reduce the turn on voltage of theCMOS
rectifier. Conversely, the drawback of these approaches
involves additional circuitry to make the “VTh” of the
CMOS transistors low, which increases the chip fabri-
cation cost and circuit complexity too. Besides, these
CMOS transistors aremore prone to thermal runaway. As
an alternative to use Schottky diodes with CMOS tech-
nologies for minimizing the fabrication cost by main-
taining low “VTh”, and these are used to enhance the
performance of RF energy harvesters.

4.1 Classification of Rectifiers Configurations

Based on configuration topology, rectifiers can broadly
be classified as half-wave rectifiers (HWRs) and full-wave
rectifiers (FWRs). In this section, a detailed study of
different configurations of rectifier circuits presented to
achieve high RF-to-DC power conversion efficiency has
been performed.

4.1.1 Half-Wave Rectifiers
In case of the HWR circuit, only half cycle of the input
wave is considered for converting into DC. The HWRs
are again classified as series HWR and shunt HWR
depending on the connection of a diode with respect to
the load resistance. A simple half-wave configuration is
shown in Figure 7. Due to a single diode operation, an
HWR configuration consumes less power which makes
it suitable for low-power applications.

Figure 7: Half-wave rectifier (a) with shunt configuration (b) with
series configuration [100]

Implementation of the HWR circuit for RF-to-DC con-
version has been successfully investigated in [101]. A
Wilkinson power divider with two half-wave rectifier cir-
cuits is used to enhance the rectifier performance [102].
The proposed technique is insensitive to the angle of inci-
dence. A similar approach of power splitting and com-
bining is investigated in [103]. This technique helps-in
increasing the performance of the rectifier by avoiding
power handling problems with improved sensitivity. Tra-
ditionally, the PCE of the rectifier reduces with increase
in operating frequency. At higher frequencies, receiv-
ing power by the antenna reduces with small antenna
dimension. The received small amount of RF power is
input to the rectifier after passing through a suitable fil-
ter. However, better in rectifier performance in terms of
PCE using a shunt diode HWR is observed at 35GHz
frequency in [104]. A microstrip line is connected to
the rectifying diode that helps in removing the diode’s
imaginary impedance, thus impedance matching is eas-
ily achieved. Further, enhancement in rectifier PCE at
35GHz frequency is noticed with a series diode HWR
circuit in [105], here the proposed HWR is designed
using MA4E1317 diode for conversion purpose. The
maximum PCE of 81% is achieved at an input power
density of 30mW/cm2.

In case of RFEH, when RF(AC) power is injected to the
HWR, some amount of power flows to the output load (or
to the output smoothing capacitor) during only half cycle
(positive cycle) of RF signal due to the diode function.
During the other half cycle (negative cycle), incident RF
power is blocked and reflected back. However, reflected
power is once absorbed by the impedance matching cir-
cuit and then released and injected again to the HWR.
Impedance matching circuit and rectifier compose LC
tank circuit in this case. Therefore, PCE higher than 50%
can be achieved even by HWRs [106, 107]. Although, the
HWR configuration consumes low-power by virtue of a
single-diode operation, the power handling capability of
the HWR is low. This is one of the major drawbacks of
HWRs. The limitations of HWRs are overcome by using
FWRs (full-wave rectifiers).

4.1.2 Full-Wave Rectifiers
In FWR, both positive and negative cycles of the input
wave are considered completely for conversion into DC
signals. The existing configurations of FWR circuits can
be primarily categorized as a full-wave bridge rectifier,
voltage doubler rectifier, Greinacher rectifier, etc. A full-
wave bridge rectifier comprising of four diodes arranged
in “series pairs”. During each half-cycle, only two diodes
are supporting for conducting current. A full-wave (FW)
bridge is implemented between two dipole antennas in



10 D. SURENDER ET AL.: KEY COMPONENTS OF RECTENNA SYSTEM

Figure 8: Full-wave rectifier configuration [108]

[108]. The corresponding circuit arrangement has been
presented in Figure 8. In this FW bridge configuration,
the diode pairs are fed differentially with a pair of dipole
antennas, thereby, exhibiting better efficiency than an
HWR configuration. Similarly, in [109], the performance
of a full-wave rectifier (FWR) circuit is observed.

A full-wave bridge rectifier configuration requires four
diodes which increases diode counts and associated loss.
The resultant output may reduce by considering losses
associated with diodes. Thus, FWR is found to be suit-
able at large input power density levels. Further, to satisfy
biasing conditions of the FWBR rectifier, the minimum
input voltage (turn-on voltage or VTh) required is twice
than that of anHWRdue to two of its four diodes are con-
nected in each branch of FWBR circuit [110]. By using a
proper low loss impedance matching network, the mini-
mum input voltage required can be reduces. To overcome
this issue, a voltage doubler configuration is reported in
the literature. A voltage doubler rectifier (VDR) is an
electronic circuit that charges capacitors from the input
voltage and switches these charges in a proper way to
produce output voltage almost twice than that of the
input.

Assume “Vamp” is the input signal amplitude given to
the VDR circuit as shown in Figure 9. For the negative
input peak, the voltage drop across C1 is “Vamp-VTh1”.
Where “VTh1” is the turn-on voltage of diode D1. For
the positive input peak, current passes along diode D2
while diode D1 is cut-off. The voltage developed across
C1 remains constant as the previous negative input signal.
At the positive peak, the voltage developed across diode
D1 is “2Vamp-VTh1” and the voltage across the capacitor
C2 is “2Vamp-VTh1-VTh2”, where “VTh2” is the turn-on

Figure 9: General voltage doubler rectifier configuration [111]

Figure 10: Effect of number of stages on to the output perfor-
mance [72]

voltage of diode D2. Thus, the voltage across output of
the VDR is Vout = 2Vamp-VTh1-VTh2.

Vth2 Shariati et al. [111] have proposed a voltage dou-
bler rectifier circuit suitable for a dual-band rectenna
system in which the designed rectifier circuit is tuned
over two frequency bands such as 478–496MHz and
852–869MHz. The general voltage doubler topology is
shown in Figure 9. A voltage doubler (VD) configura-
tion is investigated over the broad frequency range in
[54]. Jouko et al. [112] have implemented a VDR cir-
cuit to integrate with a dual-band antenna to achieve
better rectification efficiency performance. The voltage
doubler (VD) configuration provides better performance
than HWR [113].

A coplanar waveguide (CPW) configuration for the rec-
tifier design has been adopted to increase the conversion
efficiency in [114]. In [95], it is observed that as the num-
ber of voltagemultiplier circuits in a cascaded connection
increases, the overall output voltage increased. A similar
type of result is observed in [72], as shown in Figure 10.

A rectifier circuit is designed in [41] to operate over a
wide range of frequencies. The wideband characteristics
are obtained by four rectifier circuits that are designed
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Figure 11: Greinacher rectifier configuration [116]

with non-uniform transmission lines. A differential con-
figuration is designed using a voltage doubler rectifier to
improve the conversion efficiency in addition to a stable
balanced output voltage [115]. Enhancement in rectenna
performance is further noticed with a Greinacher recti-
fier circuit (GCR) [82, 116–118]. Basically, a Greinacher
rectifier circuit is equivalent to a two-stage VDR circuit
arranged in a bridge formation. The equivalent circuit
arrangement of a GCR is given in Figure 11. The GCR
comprising of two branches with two diodes in each
branch. The biasing voltage of each diode can be par-
tially produced by the output of the previous diode. In
[116], the designed rectifier circuit is suitable to operate
over a wide range of frequencies (1.8–2.5GHz). Whereas
in [117], a hybrid rat-race coupler is used to provide
the phase difference of 180° to the proposed Greinacher
rectifier circuit.

In [119], a rectifier-booster regulator (RBR) topology is
implemented. The designed RBR topology evolved from
a Greinacher rectifier and a Cockcroft-Walton charge
pump. This topology helps in rectifying the RF energy
into DC and boosts the output voltage. The output from
a Greinacher rectifier is sufficient to operate a boost
converter.

4.1.3 Other Rectifier Topologies
The performance of the rectifier circuit in any type of
configuration is generally depicted by the PCE of the
rectifier circuit. Various techniques such as resistance
compression network (RCN), adaptive rectifier circuits,
etc. are adopted to decrease the sensitivity to loading
conditions and hence reduces the impedance variations.
One of the techniques is a resistance compression net-
work (RCN) [120]. The compression network allows the
rectifier system to appear as an approximately constant-
resistance load independent of AC drive power or DC-
side conditions. A dual-band RCNwith reduced sensitiv-
ity is implemented in [121]. However, it is more sensitive
to an impedance variation at the rectifier input compared
to the RF input. The limitations in RCN are overcome
by the transmission line resistance compression network

(TLRCN). In the TLRCN, the input power is distributed
equally into several rectifier circuits. This is advantageous
in the case of a rectifier with limited power handling
capability [122].

The limitation in Schottky diode is the diode switch-
ing speed which is overcome by MOSFET technology.
However, the turn-on voltage required for the MOSFET
device ismore than the Schottky diode and alsoMOSFET
devices are sensitive to thermal runaway.

A diode connected MOSFET configuration is investi-
gated to for the rectenna design in [123]. Here, it is stud-
ied that the turn-on voltage of the rectifier is reducedwith
proposed configuration. A full-wave rectifier is imple-
mented using this configuration for further increasing
the conversion efficiency. In [124], the performance of
the adaptive MOSFET is studied for wide input power
range levels. An enhancement in conversion efficiency
over the expanded range is observed with adaptive rec-
tifier circuit. An adaptive rectifier circuit is designed to
operate over two band of frequencies with better conver-
sion efficiency in [125]. Besides these, it is also noticed
that low turn-on voltage and large break-down voltage is
also possible with an adaptive rectifier. Further, enhance-
ment in operating range of the rectifier with suitable
performance at low power levels is noticed with adap-
tive rectifier in [126]. A field-effect transistor (FET) is
used for switching into four different modes based on
the input RF power level. A rectifier with wide band-
width is possible by an adaptive power distribution tech-
nique [127]. An enhancement in rectenna performance
is noticed with a novel Graphene FET (GFET) based rec-
tifier in [128]. Here, the proposed GFET rectifier exhibits
wide impedance bandwidth in themillimeter wave range,
and also provides a better conversion efficiency over high
frequency ranges. A maximum conversion efficiency of
80.32% is possible for the rectenna at an input power
of 2dBm. A new type of rectifier topology is imple-
mented to achieve a low- threshold voltage and a large
breakdown-voltage in [92], as shown in Figure 12. This
technique reduces early breakdown problems. A single-
stage Cockcroft-Walton rectifier is implemented for bet-
ter performance in [47].

4.2 Performance Comparison of Rectifier
Configurations

The performance of the rectifier is analysed based on
its PCE. Different topologies are compared based on the
existing literature. From [93], it is noticed that a single
series diode (SSD) rectifier provides better results at low
input power levels (< 0 dBm) and a full-wave bridge
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Figure 12: Modified rectifier topology for extended power
range [92]

rectifier topology is suitable at high RF input power levels
(>15 dBm). Whereas the shunt diode topology is suit-
able for mid-range of values (between 0 and 15 dBm).
In [129], it is noticed that a voltage doubler rectifier
(VDR) is suitable to operate at low RF input power
levels above −21 dBm. The single series topology com-
posing of SMS7630 diode is suitable to operate above
−50 dBm. The performance of SMS7630 and HSMS2860
in a single diode rectifier configuration is studied in
[130]. The results show that the SMS7630 diode achieved
better conversion efficiency from the input power level
of −40 dBm to 5 dBm at a single band of frequency. The
dual-band rectifier performance is better at power levels
above −5 dBm. In [131], it is observed that less amount
of input power is required to get the sufficient output
power in case of a VDR configuration associated with
an HSMS2850 diode compared that with an SMS7630
diode. In [132], it is noticed that more PCE is possible
with the HWR circuit and more DC output voltage is
possible with voltage multiplier circuits. The PCE can
be enhanced by a hybrid power harvesting technique as
investigated in [133]. Here, both mechanical vibration
and microwave radiation are considered for harvesting
purposes. Similarly, a cooperative harvesting technique
is implemented by integrating two uncorrelated energy
sources for increasing the rectifier PCE at low input
power levels in [134]. System complexity increases with
integrating uncorrelated energy sources. In [135], it is
noticed that a multi-stage rectifier circuit is useful only
when the applied input power to the rectifier circuit is
large, as shown in Figure 13.

From Figure 13, at an input power level of −20 dB,
maximum conversion efficiency and output DC volt-
ages obtained with a single-stage rectifier circuit. As the
input power level increases, the performance of both the
rectifier circuit and the rectenna system increases with
increasing number of rectifier stages. At 10 dBm input
power level, both conversion efficiency and output volt-
age are maximum with a 9-stage rectifier circuit. If the
input power level is low, some amount of the harvested
power is absorbed by passive components in the circuit,

thus the rectifier performance is inefficient with more
number of rectifier stages at low input power levels.
Besides this, a considerable reduction in rectifier effi-
ciency has been noticed if the load value is too low or
too high. It is also observed that a rectenna in a low-
power design performs well with the minimum number
of antenna elements. However, high-power design per-
formance is good for the maximum number of antenna
elements. A similar response with a multi-stage rectifier
circuit is also observed with a dual-band rectenna sys-
tem in [72]. In addition to the power required to bemore,
component losses also increase as the number of voltage
multiplier stages increases [136].

The output from the rectenna using single-stage HWR is
limited to a maximum of half of the breakdown voltage.
Thus, the diode with a large breakdown voltage pro-
vides a better output voltage. TheHWR circuit associated
with SMS7630 diode achieves better results than all pos-
sible combinations at low input RF power levels. The
power handling capability and complete power utiliza-
tion are done by FWR circuits such as bridge rectifier,
voltage doubler rectifier (VDR) and Greinacher recti-
fier (GRC). The VDR is suitable at a low and mid-range
of RF input power levels. The VDR utilizes a complete
RF input cycle and losses associated with the rectifier
are low due to a limited number of diodes used for
conversion.

5. INPUT RF FILTER AND IMPEDANCE
MATCHING NETWORK (IMN) TOPOLOGIES

5.1 RF Filter Configurations

The functioning of the input RF filter is to block the har-
monics created by a diode in the rectifying circuit and
provides matching between antenna and rectifier. In a
multi-band or broadband case, the input RF filter is used
to allow desired frequencies through a stacked configu-
ration. Limited literature has been reported on input RF
filters in the rectenna design. In [137], a low-pass filter is
integrated with two additional band stop filters (BSF) to
block the second-order harmonics effectively at both fre-
quencies. A balanced bandpass filter is designed in [138],
as shown in Figure 14.

5.2 ImpedanceMatching Network (IMN)
Configurations

5.2.1 Single-BandMatching Network
The impedance matching network (IMN) is connected
between the antenna and a rectifier circuit to transfer
maximum collected RF power by the antenna to the
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Figure 13: Performance comparison with multiple numbers of stages (a) conversion efficiency performance (b) output voltage perfor-
mances [135]

rectifying circuit. Various IMN topologies have been
investigated. The performance of the rectenna with a
matching network (MN) shows better results as com-
pared to rectenna without MN in [139] and this is illus-
trated in Figure 15 where the performance of π-typeMN
is observed better than L-typeMN.AnL-section network
is implemented to achieve proper impedance matching
in [140, 141]. It is easier to achieve the proper impedance
matching in the case of a single band rectenna. However,
it is difficult to achieve in the case of either in multi-band
or broadband rectenna.

5.2.2 Multi-BandMatching Network
Amulti-section dual-band matching network composed
of the designed rectifier circuit is implemented in [111].

Stack of several rectennas, each one with a single band
MN and associated rectifier topology is implemented
to a multi-band rectenna in [66]. Stacked rectennas, in
which each one with a three dual-band bandpass IMN
and associated rectifier circuit is implemented for a six-
band rectenna in [82, 84, 142]. A 4th order dual-band
IMN is implemented using a series and parallel com-
bination of the LC pair in [143]. A triple-band IMN
is implemented using two stubs in [144]. A quad-band
matching network is implementedwith a series ofmatch-
ing networks in [145]. Each matching network is tuned
to a particular resonant frequency. The performances
of common matching (CM) and two-branch matching
networks associated independently with a voltage octu-
ple rectifier are investigated in [146]. In CM techniques,



14 D. SURENDER ET AL.: KEY COMPONENTS OF RECTENNA SYSTEM

Figure 14: Band Pass Filter [138]

Figure 15: Measured and simulated output voltage [139]

the MN is connected between the input port and the
2-stage rectifier circuit. Whereas in TBM techniques, the
total feed-line impedance of 50-Ohms is divided into two
branches of 100-Ohms equally. Thus, the impedance of
the two-stage rectifier circuit is matched to 100-Ohms.
Better impedance matching is obtained with the TBM
technique compared to the CM technique. The perfor-
mance of the rectenna with a two-branch matching net-
work shows better results as compared to a common
matching network, as shown in Figure 16.

With an input RF filter, the rectenna-size gets increased
which limits their applications. The rectenna holding
harmonic rejection property, is well suited for the design.
In [147], the rectenna itself holds harmonic rejection
property. In [148], Yang et al. have proposed a rectenna
design using the combination of aperture coupled dual-
polarized patch antenna and a matching network com-
prises of open stub, short stub and λ/4 transmission lines
avoids the usage of a filter to reject harmonic compo-
nents generated from the diode. In [149], two novel feed-
ing approaches of compact microstrip resonant cell-U

Figure 16: Performance comparison of a rectifier with two differ-
ent matching topologies [146]

slot (CMRC-U) and double compact microstrip resonant
cell (DCMRC) have been investigated for holding har-
monic rejection features in a CPW monopole antenna.
By the first approach only the third harmonic frequency
is removed, and both second and third harmonics are
rejectedwith the second approach. But, impedance band-
width of the antenna reduces with introducing the pro-
posed approaches.

5.3 Other Configurations

Chaoyun et al. [150] have implemented a broadband
rectenna without MN. The proper impedance match-
ing is achieved between the antenna and the rectifier by
adjusting the feed position of the off-centre-fed-dipole
(OCFD) antenna. Later on, Chaoyun et al. [131] have
proposed a new off-centre-fed patch (OCFP) antenna
design with a similar technique. In the implemented
broadband design, two pairs of identical shorting pins
are symmetrically loaded on the OCFP with the aim
to achieve electable/flexible impedance matching for the
rectenna design. A favorable matching is obtained with
a short-circuit stub, a transmission line segment, and an
exponential taper transformer in [151].

The impedance matching is easy to achieve in the case of
a single band rectenna. However, it is difficult to realize
a proper IMN in the case of a multiband rectenna. Stack
of several rectennas, each rectenna is associated with an
MN and the associated rectifier is found to be a suitable
technique to realize a multiband rectenna.

The DC output power from the rectenna can also be
increased with two techniques; RF power combining and
DC power combining techniques, as shown in Figure 17
[152]. The RF power combining technique is suitable



D. SURENDER ET AL.: KEY COMPONENTS OF RECTENNA SYSTEM 15

Figure 17: (a) RF power combining circuit, (b) DC combining
circuit [152]

when the RF energy to be harvested by an individual
antenna is low, and the combined signal can able to turn-
on the diode to be used for conversion. If large power
levels, received by an individual antenna, are applied to
an RF power combiner, impedance-matching problems
occurs. In such cases, the DC power combining tech-
nique is found suitable to combine the receiving ambient
power level. In the DC power combining technique, on
the other hand, the series associated rectenna array yields
better performance in terms of the output voltage. How-
ever, the conversion efficiency of such series-associated
rectenna array is noted to be lower than that of parallel-
associated rectenna array [153]. The beamwidth is wider
in case of a DC power combining approach as compared
to RF power combining method.

The performance of DC combining method is observed
in [154]. Here, a triple-port pixel rectenna comprising
of triple-port pixel antenna and a triple-port rectifier
circuit is implemented. For DC combining, three sin-
gle series diode rectifier circuits are designed to connect
a triple-port rectifier circuit. A comparison has been
made between triple-port pixel rectenna and a single-
port monopole rectenna for a comparison purpose. It is
observed that by the proposed approach, an improve-
ment in output DC power of nearly twice that of the
single port monopole rectenna. The harvested ambient
RF power is less at higher frequencies using a single port
antenna. A frequency-dependent multi-port rectenna is
implemented in [155]. Here in this, number of ports in
the antenna increases with the operating frequency uti-
lizing the same area. A single series diode rectifier is
chosen for rectification. The performance of the pro-
posed method is investigated to two frequency bands
such as 900MHz and 1800MHz bands, simultaneously.
From the performance results, it concludes that DC
combing approaches enhances the overall rectenna per-
formance. The drawback with RF combining method is

narrow beamwidth, and the drawback with DC combin-
ing approach is low RF-to-DC conversion efficiency. The
drawbacks in both approaches is overcomeby awideband
hybrid power combing approach discussed in [156]. In
the proposed approach, hybrid combining is performed
to increase the antenna gain for allowing RF energy
of lower power density with good RF-to-DC efficiency
while broader the beamwidth for wide space coverage.

6. SOME APPLICATIONS OF RECTENNAS

The rectenna was initially designed for wireless power
transmission (WPT) applications. As discussed in the
introduction section, the concept of wireless energy
transmission was initiated by Brown in the 1960s by inte-
grating the antenna and rectifier in order to collect a
high-frequency electromagnetic beam. Later on, applica-
tions of rectenna has been extended to wireless energy
harvesting (WEH) applications. With the motivation of
power transmission, rectenna applications also find in
wireless sensor networks (WSN) such as in RFID Tags
[157], monitoring the health condition of structures and
buildings [158], etc. The rectenna also find in wearable
applications [159–161].

Many of the human beings are suffering from vari-
ous organ related issues in their body. For continu-
ous monitoring the condition of these organs, sensing
elements are wearing inside the human body. Due to
the limitations of a conventional batteries, rectennas
have now been attracted for endless powering to the
sensing elements. Applications of rectenna includes to
operate Head-Mountable Deep Brain Stimulation Device
[162], Deep-Body Implantable Devices [163], Dosime-
ter Tags [164], Pacemakers [165], Skin Mimicking Gels
for Continuous Glucose Monitoring [166], Deep-Tissue
Implants [167], etc.

The applications of rectenna has also been expanded
to many fields with increasing availability of frequency
spectrum. Smart cities are the dreams of all countries
in the world, and the dream of smart cities is becom-
ing reality with the increasing high data rates, which is
possible with 5G technologies. Various applications are
performed in the smart city such as smart buildings,
smart lightening, smart transportation, smart parking,
smart agriculture, etc. In the smart cities, sensors play a
key role to make the things easy to the dwellers. Now-
a-days, most of the rectenna applications are found in
smart cities for continuous operation of various sensors
connected through internet of things (IoT).
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7. SUMMARY

The detailed review of the existing literature reveals that
the antenna designed for use in rectenna systems must
resonate at frequencies that are mostly available in the
surrounding environment. It has been observed that a
single band antenna can be easily designed to achieve
better impedance matching with the rectifier circuit.
However, the limitation with a single band antenna is
its compatibility in all geographical areas due to their
unique frequency of operation and less capturing power
by the antenna. On the other hand, broadband antennas
tend to cover all the frequencies available in the band
of resonating frequencies. However, due to their wide
impedance bandwidth, the gain of the antenna is low.
Besides this, it is difficult to achieve proper impedance
matching between the antenna and the rectifying cir-
cuit due to the wide impedance bandwidth. Thus, the
conversion efficiency of the antenna reduces. Broadband
antennas mostly suffer from either low gain or mini-
mal power conversion efficiency. The limitations in single
and broadband antennas have been overcome by amulti-
band antenna. The multi-band antennas comparatively
achieve better RF-to-DCpower conversion efficiency and
high gain, but at the cost of larger antenna dimensions.

In the case of rectifiers, Schottky diodes have been
preferred for the rectification of RF signals to DC
power. Usually, SMS7630 diode families are chosen when
the received RF signal has low power levels. Similarly,
HSMS28xx family diodes are used for high input RF
power levels.

Out of different rectifier topologies, the half-wave recti-
fiers (series or shunt) circuit consumes less power. How-
ever, due to the single diode operation of the half-wave
rectifier (HWR), the power handling capability is low.
For this reason, HWR is best suited for low input RF
power levels. The limitation of HWR is overcome by
an FW bridge rectifier. The bridge rectifier utilizes a
complete cycle of the input RF power. However, a large
input RF power is required to satisfy the biasing con-
ditions of the bridge rectifier circuit. Additionally, the
use of multiple diodes introduces losses in the bridge
rectifier. Greinacher rectifier (GR) circuits improve the
power handling capability of the rectifier unit. Addi-
tionally, they require comparatively low biasing voltage.
However, losses introduced are more since they involve
four diodes as in the case of a bridge rectifier. On the
other hand, the voltage doubler rectifier (VDR) cir-
cuit is mostly adopted rectifying circuit, operated effi-
ciently at low as well as for moderate input RF power
levels.

Another technique found to be used in designing rec-
tifiers is the voltage multiplier circuits. In this tech-
nique, multiple stages of rectifier circuits are designed to
increase the overall rectenna output voltage. The circuit
topology can be used efficiently for both low as well high
input power levels. The voltage multiplier configuration
is effective for low input power level operation when out-
put load resistance of the rectifier (voltage multiplier) is
high. Generally, when output loading resistance of the
rectifier is high, input impedance of the rectifier also
becomes high and impedance matching with antenna
having low characteristic impedance becomes difficult.
Because RF input terminals of each stage of the voltage
multiplier are connected in parallel, input impedance of
the voltage multiplier is effectively lowered as compared
with the single stage rectifier. This results in the ease of
the impedance matching. Thus, overall efficiency can be
improved.

In recent years, several configurations of rectennas are
designed where the antenna circuits have been equipped
with harmonic rejection property as well as impedance
tuning property. This technique helps in avoiding the
usage of a separate RF filter and matching networks.

The most adopted technique to increase the gain of the
antenna is by introducing multi-layer circuit topology.
A VDR circuit is useful to achieve high conversion effi-
ciency and output voltage. Fractal based geometries are
best suited for achieving antenna miniaturization.

Two techniques that are adopted to increase the rectenna
performance, they are RF power combining and DC
power combining techniques. The RF power combining
technique is efficient when the input RF power levels low
in density. The DC power combining technique is useful
when the RF input power levels high in density.

Various techniques that are used to achieve CP are com-
pared in Table 4. A wide AR bandwidth is noticed in
[15, 74]. However, in [15] aperture feeding technique is
used which increases the design complexity. A truncated
corner technique is found to be a suitable technique to
achieve CP characteristics.

Various techniques they are associated with an air gap are
compared in Table 5. The minimal variation in gain is
noticed in all techniques. However, the impedance band-
width is varied considerably. In [46], a wide impedance
bandwidth is achieved with a reflecting surface associ-
ated with an air-gap. It is concluded that a multi-layer
structure is suitable to obtain high gain in antenna design.
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Table 4: Comparison of various techniques to achieve circu-
lar polarization (CP) characteristics
Technique AR bandwidth (GHz) Ref.

Termination Gap 5.58–5.98 [10]
5.58–5.98 [11]
5.58–5.98 [12]

Unbalanced circular slots 2.445–2.475 [13]
Dual-feeding 2.025–2.75 [14]
Peripheral cuts 2.431–2.460 [15]
Symmetric-strips along the diagonal directions 2.54–2.605 [16]
Shorted section 0.87–0.97 [17]
Square patch with a triangle slot etched on the
ground plane

2.0–3.0 [18]

U-slot and truncated corners 2.44–2.46 [19]
CPW back-fed 5.775–5.825 [20]
Truncated corners with rotated L-slots 5.3–5.7 [82]

6.65–6.95
7.0–7.4

Truncated Corners 2.18–2.56 [83]
3.21–3.6
4.77–5.35
1.25–2.15 [84]
2.35–2.95

Table 5: Comparison of various techniques for improving
the antenna gain and bandwidth performance

Technique
Maximum
Gain (dBi) Bandwidth(GHz) Ref.

Air-gap with aperture coupling 7.70 2.25–2.75 [18]
Air-gap with aperture coupling 7.82 1.762–1.878 [74]

2.348–2.493
Air-gap with stacked
Configuration

9.1 0.877–0.988 [28]

6.69 5.15–5.90 [29]
Air-gap with Dual probes 8.4 2.35–2.55 [32]
Stacked configuration 9.2 2.9–5.2 [30]
Air gap with a Reflecting Plane 8.6 2.4–2.5 [31]

10.0 2.2–2.6 [53]
8.7 1.67–6.7 [55]

Differential Feeding with a
Reflector

9.2 1.99–2.08 [73]
2.36–2.65
3.5–3.8

Differential Feeding 5.47 4.3–5.0 [33]
Differential fed antenna array 14.29 5.77–5.84 [34]
Perfect electric conductor
wallswith parasitic patches

8.1 2.37–2.53 [35]

Different miniaturization techniques are listed and com-
pared in Table 6. As the size reduces, the gain of the
antenna reduced with Meandered line techniques is
noticed. The low gain is observed with Hilbert geometry.
Sierpinski fractal geometry provides the better gain per-
formance of the antenna with a small dimension in [71].
Fractal based geometry is the most adopted technique to
achieve compactness.

The performance of different rectifier topologies is com-
pared in Table 7. The HWR circuit shows better per-
formance with a single band of operation. The VDR
configuration is appropriate for multiband of operation.

The performance of different impedance matching net-
work (IMN) topologies is compared in Table 8. It is easy

Table 6: Various antennaminiaturization techniques

Technique Dimension (mm)
Volume
(mm3)

Max. Gain
(dBi) Ref.

Koch-Fractal Geometry 45×45×0.8 1620.0 3.9 [44]
Fractal geometry 35×35×2.5 3062.5 −0.19 [45]
Fractal geometry 38×38×3.2 4620.8 3.1 [46]
Sierpinski fractal 46.676×53.038×1.6 3960.9 2.7 [78]
Hilbert Fractal 80×82×1.52 9971.2 2.17 [52]
Sierpinski fractal 40×40×1.6 2560.0 6.5 [80]
Meandered Line 60×60×4.6 16560.0 3.78 [48]

40×30×0.8 960.0 1.91 [79]
PIFA 3.14×5.2×3.1 243.35 −15.37 [51]
PIFA Meandering strips 10×10×2.54 254 −7.0 [64]
Circinal geometry 37×35×1.6 2072.0 1.85 [50]
Multi-bending Curve 35×37×1.6 2072.0 2.13 [81]
Oscillating tapered slot 55×40×1.6 2240.0 3.0 [61]
Slotted patch and
ground

35×50×1.5 2625.0 3.6 [62]

Monopole antenna
with two L-shaped
stubs

47×46.75×0.76 1669.9 4.2 [63]

Table 7: Comparison of different rectifier topologies
Max. RF-to-DC conversion efficiency

Topology < 50% > 50%

HWR [65] [74] [87] [10] [12] [76] [88]
Bridge Rectifier – [108] [109]
VDR [41] [13] [54] [112]
GRC – [69] [81] [116]
Differential Rectifier [115] –
Voltage Multiplier [72] –

Table 8: Comparison of different IMN topologies
Technique Frequency bands Ref.

L-section and π -section Single [139]
L-section Single [140]
L-section Single [141]
Dual-band IMN with series and parallel
combination of the LC pair

Dual-band [143]

Multi-section dual-band Dual-band [111]
Stack of several rectennas Quad-band [66]

Six-band [82]
Six-band [84]
Six-band [142]

to achieve impedance matching at a single band operat-
ing frequency. A π-section IMN is found to be suitable
at a single band operating frequency. From the reported
literature, it is summarized that amulti-band IMN is suit-
able at multi-band frequencies than multiple single-band
IMNs. But, it is difficult to realize a multi-band IM net-
workwith proper impedancematching. A stack of several
branch rectennas is the most adopted IMN technique.
In this, each branch comprises of dual-band impedance
matching network and a VD rectifier.

8. CONCLUSION

The research on rectenna targeting to CP, gain, minia-
turization, RF-to-DC power conversion efficiency and
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impedance matching are reviewed and analysed chrono-
logically. The primary aim of this review is to illus-
trate the novel research that has been carried out since
invention in these above specific areas. This article
helps current/future researchers who are involving with
Rectenna to find auspicious attentiveness by finding out
the research gap.

It is clear that the rectenna has the ability to take up
CP, gain, antennaminiaturization, RF-to-DC power con-
version efficiency, and impedance matching by means of
different approaches. Generally it can be concluded that
(i) the circular polarization is mainly controlled by feed-
ing approaches (single mode or dual mode), truncated
corners of radiator, slot-loaded radiator; (ii) the gain of
the antenna used in designing a rectenna usually rely on
dimension of the antenna, type of feeding technique, and
type of antenna configuration; (iii) the miniaturization
is possible for the antenna with different Fractal based
geometries, meandered line concepts, etc. (iv) usually the
RF-to-DC power conversion efficiency depends on the
RF input power level and a rectifier circuit with a suit-
able diode is considered and (v) research on impedance
matching network is very less, which need to be improved
for broadband rectenna especially.

From a perspective point of view, the authors recom-
mendations are (i) for CP, truncated corners and slotted
radiators could be a better alternative, (ii) for gain, reflec-
tor/ multi-layer techniques are best possible ways for
increasing the gain, (iii) modified form of Hilbert shapes
and meander line approaches are utilized in antenna
miniaturization, (iv) power distributed to multiple paths
could be useful in the case of multi-band and broadband
approaches, (v) a voltage doubler rectifier could be the
better alternative in power conversion.

In the RFEH approach, the direction of the incident wave
is unknown that is the position of the source is not clear
or multiple number of transmitters exists at various loca-
tions. Only few works have been reported on rectennas
with wide angular coverage and high gain antenna for
increasing the harvesting power at low input power lev-
els. There is a need to find an effective solution in a better
way for collecting the RF wave incident from any of its
direction.

Most of the rectennas reported in the existing litera-
ture have tested in the anechoic chamber using dedicated
source. Only limited number of rectenna system config-
urations have been tested in the realistic environment.
The performance of the rectenna is studied for static RF
input power levels most of the time. But in the realistic

environment, ambient energy is not stable. There is a
necessity to demonstrate the rectennas in the realistic
environment, where the exact performance can be known
with changing input power levels.

The authors have reviewed this article to the best of
their level in incorporating novel contributions, still, the
authors domake an apology to the researcher community
if any relevant article(s) is missed unknowingly.
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