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a b s t r a c t

One of the most important research areas searches for new sources of energy and for the highest effi-
ciency from existing energy sources. Radio frequency (RF) energy harvesting is a promising alternative to
obtain energy for wireless devices directly from RF energy sources in the environment. In this paper, we
provide a broad overview of the main blocks of RF energy harvesting systems, which are the wireless
transmission medium, the antenna and impedance matching circuit, the rectifier, the voltage multiplier,
and the energy storage device or load. The characteristics of these blocks directly affect the performance
of an RF energy harvesting system. We mainly focus on the ratio of output and input powers at each
block, named as the conversion efficiency and the impedance matching efficiency, which determines the
overall efficiency of system. We present detailed information about the system parameters. Thus, we
characterize an RF energy harvesting system, which makes the design of system possible to obtain the
maximum efficiency and correspondingly the maximum output power, providing the necessary insight
about the design of RF energy harvesting systems.
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1. Introduction

Wireless devices need energy as their primary resource to
maintain their operations. However, the capacity of batteries,
commonly used to power wireless devices, is limited. Their lifespan
is also limited. Hence, a sustainable operation cannot be achieved
for wireless devices and networks. In order to overcome this
challenge, energy harvesting from existing energy sources in their
surroundings has emerged as a promising technology. There are
various energy sources such as solar, thermal gradients, mechanical
vibrations and electromagnetic waves in the ambient environment
[1]. For energy harvesting, the power density of these sources is
very important. Among these energy sources, solar energy has the
highest power density and is considered to be the most utilized
energy source [2]. During daytime, the average power density of
solar energy is around 100mW/cm2 [3], however clouds can reduce
this output and at night the power density drops to zero. Further-
more, solar panels occupy a large area. Electric potential is obtained
when thermoelectric materials are heated [4]. They can operate in
reverse by applying an electric potential to produce heat. At room
temperature, the power density of thermal energy is approximately
between 20 mW/cm2 and 60 mW/cm2when human body is used as a
thermal source [5]. Piezoelectric materials generate electrical po-
wer from mechanical vibrations, motions or noise [6]. Due to high
voltage and low current, this type of energy source has low con-
version efficiency and needs a voltage regulator for preventing
circuit from voltage overshoots [7]. The power density of piezo-
electric energy depends on the characteristics of motion but typical
a value is about 250 mW/cm3 [8].

In the ambient environments, radio frequency (RF) energy has
the lowest power density when compared to the aforementioned
energy sources. The power density of RF energy varies between
0.2 nW/cm2 and 1 mW/cm2 [9,10]. On the other hand, RF energy can
be obtained from electromagnetic waves over a vast area. Electro-
magnetic waves of RF energy sources radiating in different fre-
quency bands are ubiquitous and available even in inaccessible
places, and hence, it is possible to extract energy from this wide
area. Moreover, RF energy harvesting can be used together with
information transfer in communication systems such as wireless
powered communication (WPC) and simultaneous wireless infor-
mation and power transfer (SWIPT) systems [11,12]. Additionally,
the use of low-power wireless devices has been increasing. Because
of these reasons, RF energy harvesting attracts great attention, and
considerable improvements have been observed in RF energy
harvesting technology in the recent years [13e15]. RF energy har-
vesters provide a viable energy source for applications such as
wireless sensor networks (WSNs) and internet of things. These
sensors are used in many fields including agriculture, defense,
energy management, building automation, security, industrial
monitoring, health monitoring, environment monitoring, data
center and smart grid. In addition to that, low power consumer
electronics (e.g. remote controllers, keyboards, headsets and low
power displays) emerge as another convenient practical application
area of RF energy harvesting. In this context, RF energy harvesting
applications can be exemplified here. P2110 Powerharvester mod-
ule from Powercast Company is a commercial product that enables
efficient energy harvesting in the frequency range from 902MHz to
928MHz [16]. Thanks to the RF energy harvester development kits,
AA or AAA size batteries can be charged and light emitting diodes
(LEDs) can be lit wirelessly. In Ref. [17], wireless sensors were
distributed in a field of agricultural crops in order to detect and
monitor pests. Similarly, these sensors can also be used to collect
data such as temperature, mineral content and humidity of soil. In
Ref. [18], smart meter and LCD display were connected to the
wireless energy harvester. A folded dipole antenna was designed,
fabricated and then attached to the energy harvester. In that study,
it was shown that the smart meter and LCD displaywas successfully
powered by the wireless energy harvester.

An RF energy harvesting circuit usually consists of an antenna,
an impedance matching circuit, a rectifier, a voltage multiplier, and
an energy storage device or load, as will be reviewed in this paper.
In an RF energy harvesting system, first, the transmitted RF signal
propagating through wireless transmission medium is captured by
a single antenna or multiple antennas in the far-field region. The
impedance matching circuit is used to provide the maximum po-
wer transfer. Then, the rectifier converts RF power in direct current
(DC). The output voltage of the rectifier is usually very low to drive a
wireless device. Therefore, a voltage multiplier is used to increase
the DC voltage level. Finally, the harvested energy can be stored
into an energy storage device, such as a rechargeable battery and a
supercapacitor, or can be directly connected to the load. Note that
an RF energy harvesting system targets harvesting RF signal energy
in the far-field region of antenna, unlike inductive coupling and
magnetic resonance coupling in the near-field region of antenna.

In this paper, we aim to evaluate the performance of an RF en-
ergy harvesting system, which can be determined by using the
overall efficiency parameter. The overall efficiency ðhoverallÞ of RF
energy harvesting system can be defined as

hoverall ¼
DC output power
RF input power

: (1)

Here, the overall efficiency is the ratio between the DC output
power delivered to the load and the RF input power coming into the
system. It depends on many parameters such as transmit power,
frequency band, operation voltage, and load impedance. It also
enables the harvested power to be expressed in terms of the input
power.

The block diagram of an RF energy harvesting system is shown
in Fig. 1, including the input-output powers and efficiencies of the
blocks. The blocks are transmitter, wireless transmission medium,
antenna and matching circuit, rectifier, voltage multiplier, and en-
ergy storage device or load. Each block of an RF energy harvesting
system has an impact on the overall efficiency. The efficiencies of
each block can be combined into an overall efficiency, and the
overall efficiency of RF energy harvesting system is formulated as



Fig. 1. Block diagram of an RF energy harvesting system with input-output powers and efficiencies. The efficiency parameters of these blocks constitute the overall efficiency,
hoverall ¼ hair hant hrec hmul hload .
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hoverall ¼
Pw
Pt

Pa
Pw

Pr
Pa

Pm
Pr

Ps
Pm

; (2)

and it can also be written as

hoverall ¼ hair hant hrec hmul hload; (3)

where the variables in the equations above are defined in Table 1.
Based on this approach, the overall efficiency of the system is

expressed in terms of power and efficiency of each block. In this
paper, each block will be examined in detail, and the efficiency of
each block will be expressed separately in terms of the conversion
efficiency and the impedance matching efficiency in the following
sections. The remainder of this paper is organized as follows. Sec-
tion 2 presents the wireless transmission medium including fre-
quency bands and regions around an antenna. In Section 3, some
antenna designs and matching circuits are explained. Section 4 and
Section 5 provide the design and implementation of rectifier and
voltage multiplier, respectively. In Section 6, energy storage types
and loads are presented. Section 7 presents power management in
energy harvesting systems. In Section 8, the efficiency of RF energy
harvesting circuit is explained in detail. Conclusions are presented
in Section 9.

2. Wireless transmission medium

In this section, we explain the wireless transmission medium
block in an RF energy harvesting system by including the corre-
sponding aspects of the transmitter that forms the input part of
wireless transmission medium. We divide this section into three
subsections as frequency bands, near-field and far-field regions,
and efficiency of the wireless transmission medium.

2.1. Frequency bands

An RF energy harvesting system requires an RF signal source
that radiates in the range between 3 kHz and 300 GHz of frequency
spectrum. The range of RF spectrum is divided into various
Table 1
Variables.

Symbol Description

Pt Transmitted power
Pw Output power of wireless
Pa Output power of antenna
Pr Output power of rectifier
Pm Output power of voltage
Ps Power used to store energ
hair Efficiency of wireless tran
hant Efficiency of antenna and
hrec Efficiency of rectifier
hmul Efficiency of voltage mult
hload Efficiency of energy stora
frequency bands such as very high frequency (VHF), ultra high
frequency (UHF), super high frequency (SHF), or extremely high
frequency (EHF) bands. In the ambient environment, transmitters
radiating in the RF bands such as Television (TV), Frequency Mod-
ulation (FM), Global System for Mobile Communications (GSM),
Universal Mobile Telecommunications System (UMTS), Long Term
Evolution (LTE), andWireless Fidelity (Wi-Fi) signals can be used as
RF signal sources of RF energy harvesting systems. The output
powers of transmitters directly affect the power level transferred to
the harvesting antenna through the wireless transmissionmedium.
The sufficient amount of transmitted power above the sensitivity
threshold makes it possible to harvest energy in the RF energy
harvesting systems and to operate wireless devices with the har-
vested energy. However, there are various restrictions on the
output powers of transmitters. The maximum output powers have
to comply with regulations. Restriction levels for the maximum
output powers are recommended by some international organisa-
tions like Federal Communications Commission (FCC) [19], Institute
of Electrical and Electronics Engineers (IEEE) [20] and International
Commission on Non-Ionizing Radiation Protection (ICNIRP) [21] in
order to protect human against the potential adverse health effects
of non-ionizing electromagnetic fields.

Some common frequency bands and their ranges are listed in
Table 2. Transmission from mobile phone to base station corre-
sponds to the uplink channel. Likewise, transmission from base
station to mobile phone constitutes the downlink channel. Since
the uplink and downlink frequency bands may be different in fre-
quency division duplexing, they can be utilized in RF energy har-
vesting separately as depicted in the table. Broadcast control
channel (BCCH) in GSM technology and primary synchronization
channel (P-SCH) in UMTS technology broadcast continuously but
other traffic channels are activated when there are user requests in
their mobile communication networks. Therefore, power levels of
some bands such as GSM900, GSM1800, UMTS, LTE and Wi-Fi
depend on user traffic densities. In other words, the higher the
number of users in active mode, the higher the power levels in the
environment. On the other hand, FM and TV transmitters broadcast
continuously. FM systems broadcast in VHF band, TV systems
transmission medium
and matching circuit

multiplier
y by energy storage device or power consumed by load
smission medium
matching circuit

iplier
ge device or load



Table 2
Frequency bands and ranges.

Frequency Band Frequency Range (MHz)

VHF 30e300
FM 87.5e108
UHF 300e3000
TV 470e862
GSM900 UL 890e915
GSM900 DL 935e960
GSM1800 UL 1710e1785
GSM1800 DL 1805e1880
UMTS UL 1920e1980
UMTS DL 2110e2170
LTE UL 791-821, 880e915, 1710e1785, 1920e1980, 2500-2570
LTE DL 832-862, 925e960, 1805e1880, 2110e2170, 2620-2690
Wi-Fi 2400e2483.5
ISM 433, 915, 2450, 5800

UL: Uplink, DL: Downlink.
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broadcast in both VHF and UHF bands, and digital mobile
communication systems benefit from UHF band. Especially, VHF
and UHF TV bands are the most suitable bands for RF energy har-
vesting because they propagate with relatively higher power levels.
2.2. Near-field and far-field regions

Antenna is used as the main front-end component in the RF
energy harvester circuits. An antenna is a transducer for radiating
or receiving electromagnetic waves, which is called as transmitting
or receiving antenna, respectively. Here, in order to give insights
about the radiation of RF power in the wireless transmission me-
dium, we explain the field around an antenna of the transmitter of
RF energy harvesting system as a transmitting antenna. As shown
in Fig. 2, the field around an antenna of the transmitter is divided
into three regions: reactive near-field, radiating near-field (Fresnel),
and far-field (Fraunhofer) [22]. Here, R1 and R2 are the distances
from source (antenna) for reactive near-field region and radiating
near-field region, respectively. R1 and R2 distances can be expressed
as

R1 ¼ 0:62

ffiffiffiffiffiffi
D3

l

s
; R2 ¼ 2D2

l
; (4)

where l is the wavelength of RF signal, and D is the largest
Fig. 2. Near-field and far-field regions around an antenna [22].
dimension of the antenna. The other region (the distance larger
than R2) is the far-field region.

In the near-field region, inductive coupling and magnetic reso-
nance coupling are used for power transfer. As an example, con-
version efficiency above 77% at the frequency of 6MHz [23] was
obtained utilizing inductive coupling system for transmitting po-
wer in the near-field region. Moreover, wireless power transfer of
60W via strongly coupled magnetic resonances with approxi-
mately 40% conversion efficiency over 2m was experimentally
demonstrated [24]. Radio frequency identification (RFID) is a good
example for the system operating in both the near-field region and
the far-field region. In terms of frequency range, passive RFID sys-
tems can be split into two groups: high frequency and ultra-high
frequency RFID systems. High frequency RFID system can operate
from a few centimeters up to a meter in the near-field region
[25,26], whereas in the far-field region, ultra-high frequency RFID
systemworks in larger range. The conversion efficiency of RF power
transfer in the near-field region is higher than in the far-field region
[23,24,27]. In the far-field region, although the power density value
decreases as the distance from the source increases, there is a large
area to extract energy from the environment. Moreover, sometimes
the energy harvesting system must be far away from the source. In
this paper, we mainly focus on the efficiency in the far-field region.
2.3. Efficiency of wireless transmission medium

Air is the wireless transmission medium between the trans-
mitting and harvesting antennas in free space. The receiving an-
tenna is the harvesting antenna for RF energy. The efficiency ðhairÞ
can be formulated as the ratio of the wireless transmission medium
output power to the transmitted power as

hair ¼
Pw
Pt

: (5)

For given the transmitted power, we need to express the wireless
transmission medium. Firstly, we define the power density at the
front end of the antenna. The power density of incident RF signal ðSÞ
is expressed by the transmitted power, the antenna gain, and the
spherical surface as

S ¼ EIRP
4pr2

¼ PtGt

4pr2
; (6)

where EIRP is the effective isotropic radiated power, which is
formulated as EIRP¼ PtGt. Here, Gt is the transmitting antenna gain.
r is the distance from the transmitting antenna to the harvesting
antenna.

In order to maximize the power density in air interface, some
improvements may be suggested based on equation (6). Firstly, the
transmitted power might be increased up to the maximum power
level according to the regulation which is recommended by FCC,
IEEE, or ICNIRP. In this context, FCC regulations restrict the
maximum output power level for each frequency band. For
instance, the maximum output power level is 4W EIRP for
900MHz frequency band. Then, geometric shapes of the trans-
mitting antenna may be enlarged to increase the antenna gain of
transmitter if it is possible. As shown in equation (6), the higher the
frequency, the higher the attenuation. Therefore, operating at lower
frequencies should be preferred for lower attenuation. Broad-
casting many RF frequency bands can increase the power density of
the environment. Considering that the power density level is
inversely proportional to the square of distance, the distance be-
tween source and measurement point plays a critical role. For that
reason, the closer the harvesting antenna is to the transmitter, the
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higher the power density at the surroundings of the harvesting
antenna and the higher the power output at the harvesting an-
tenna. Note that, for other than free space environment, the power
density level is inversely proportional to the nth power of distance
ðrnÞ, where n is a constant value [28]. While the value of n equals 2
for free space environment, the value of n is less than 2 for reflective
environment. In case of non-line of sight, the value of n can be
higher than 2.

On the other hand, the effective area of the antenna is also
important for the received power of the harvesting antenna. In
order to achieve the efficiency in air interface, we express the
wireless transmission medium output power as the input power of
harvesting antenna as

Pw ¼ PtGt

�
l

4pr

�2

: (7)

Finally, we can express the efficiency in air interface by eliminating
the impact of harvesting antenna as

hair ¼ Gt

�
l

4pr

�2

: (8)

It can be observed that, the wavelength of transmitted RF signal,
i.e., the associated frequency, directly affects the values of power
and efficiency. Before the design of an RF energy harvesting system,
it should be determined that which frequency band or bands have
the high power density levels in the ambient environment. The
amount of power harvested depends on the frequencies available.
For this reason, various electromagnetic spectral surveys were
conducted in different countries [1,10,29e36]. In Ref. [10], in order
to determine the power density levels in urban and semi urban
areas, an RF spectral survey was conducted between 0.3 and 3 GHz
in Greater London in the United Kingdom in 2012. As depicted in
Fig. 3, the power density levels of Digital TV, GSM900, GSM1800,
UMTS (3G) andWi-Fi bands weremeasured. It was determined that
the Digital TV, GSM900, GSM1800, UMTS (3G) bands were themost
promising bands for the measurements. In Ref. [29], several field
measurements were performed by using a spectrum analyzer in
indoor and outdoor environments in Covilha, Portugal. Power
density levels of 36 different locations were measured and some of
these measurements were taken in indoor and outdoor environ-
ments. The most suitable frequency bands were GSM900 and
GSM1800 bands according to the field measurements. RF energy
Fig. 3. RF power density levels at measured frequencies in Greater London [10].
harvesting circuit was designed and a dual-band antenna was
printed for GSM900 and GSM1800 bands. The gains for the dual
band antenna were approximately 1.8 dBi for GSM900 band and
2.06 dBi for GSM1800 band. In Ref. [1], for harvesting RF power, a
dual band antenna was designed and implemented. The antenna
gains of the dual bands were 1.87 dBi at 915MHz and 4.18 dBi at
2.45 GHz, respectively. The amounts of the harvested powers were
131.52 mWat 915MHz and 31.26 mWat 2.45 GHz. On the other
hand, measurements of some digital TV bands were performed in
the far field in Tokyo, Japan. The height of digital TV antenna was
250m above ground, and the distance between transmitting an-
tenna and measurement point was 6.3 km. Broadband log periodic
antenna (gain of 7 dBi) was used to measure the power level in the
environment. While maximum output powers of the Tokyo
Metropolitan Television Broadcasting Corporation and the Tokyo
Tower bands were 5 kW and 19 kW in the frequency ranges of
512e518MHz and 560e566MHz, respectively, the measured po-
wer levels were 0.93 mW and 3.73 mW. Moreover, in Ref. [31], a
mobile phone operating at 900MHz was used as a transmitter and
the maximum gain of omnidirectional antenna was 1.4 dBi.
Maximum transmission power of the mobile phone was 2W and
the measured power level was 1.9mWat a distance of 2m from the
mobile phone. Where the measured transmitted power levels are
low in the far-field region, the proportion of recovered power is
low.

3. Antenna and matching circuit

In this section, we discuss the impacts of antenna and matching
circuit on the performance of an RF energy harvesting system. We
explain antenna, impedance matching circuit, and the efficiency of
antenna and matching circuit separately.

3.1. Antenna

Antenna is an essential component in RF energy harvesting
systems. Antenna types can be classified according to frequency
band, antenna gain, radiation pattern, polarization, physical di-
mensions or application area, etc. For instance, some antennas can
be employed in specific frequency bands such as VHF and UHF.
Dipole, loop, array, horn, aperture, microstrip, and log-periodic
antennas are some common antenna types. The antenna gain is a
measure of conversion from RF signal into electrical signal for a
specified direction. In terms of antenna gains, high gain antennas
are preferred because they increase the conversion efficiency and
directly the amount of harvested energy. Antenna radiation may be
isotropic or directional. When a location of an RF signal source
(transmitter) is known, a directional antenna can be used to in-
crease the amount of harvested energy. Otherwise, an isotropic
antenna can be used. The antenna polarization defines the orien-
tation of electric field at an observation point. If both the trans-
mitting and receiving antennas have the same polarization, the
conversion efficiency increases. Horizontal, vertical, circular, and
elliptical polarizations are the antenna polarization types.

The physical dimensions of the antenna may vary depending on
the power requirements of the circuit for the application. For
example, small size antennas are needed in biomedical applications
while very large size antennas are used in radio telescopes to
observe the celestial objects. Various antenna types are used in
airplanes, spacecraft, ships, or cars. Some software design programs
such as High Frequency Structure Simulator (HFSS) [37], Advanced
Design System (ADS) [38], and Computer Simulation Technology
(CST) [39] are tools to design an antenna or other circuit compo-
nents. Antenna parameters (e.g., gain, directivity, return loss) can
be computed and optimized with these programs and then the
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appropriate antennas can be fabricated on a printed circuit board
(e.g., FR4 that is a flame retardant composite dielectric material).

Total electromagnetic energy in the surroundings of the har-
vesting antenna is distributed in various spectral bands. A prom-
ising frequency band or bands are determined by spectral
measurements, as mentioned in the previous section. Based on the
measurement results, the design of single band, multiband, or
broadband antennas can be suitable to be used in RF energy har-
vesting systems. Designing and manufacturing of single band an-
tenna is simple but it harvests less energy compared to the
multiband antennas [40]. Besides, output DC voltage level of the RF
energy harvester is increased if energy harvester circuit is designed
for multiple frequency bands [34]. A broadband antenna is proper
for harvesting the power fromwide frequency band but its antenna
gain decreases as away from the center frequency [41]. Further-
more, providing the impedance matching across a wideband is a
very challenging task.

Multiple antennas are suitable for harvesting more power
[40e45], and this more power may enhance the RF-DC conversion
efficiency [42,44,45] but using the multiple antennas lead to the
expansion of the circuit size [46] and also increase the cost. In
Ref. [40], a triple band modified Yagi-Uda patch antenna was
designed, simulated, and fabricated for 900MHz, 1800MHz, and
2.45 GHz frequency bands. Measured and simulated results of the
reflected coefficients were in good agreements. Antenna gains were
3.26 dBi, 3.02 dBi, and 6.88 dBi for 900MHz, 1800MHz, and
2.45 GHz frequency bands, respectively. It was determined that
multiband RF energy harvester achieved 15% more conversion ef-
ficiency than single band RF energy harvester in this study. The
amount of harvested energy can be further increased by utilizing
the high gain antennas [47] and polarization matching [48].

Note that the efficiency increases the amount of harvested en-
ergy, but the increase in the amount of harvested energy does not
necessarily mean an increase in the efficiency. As an example, the
amount of harvested energy may be increased by using two iden-
tical antennas operating at the same frequency band in an energy
harvesting system, but in this case, the efficiency of the system
remains the same.

There are many studies about distributed antenna systems in
the literature [49e51]. Distributed antenna energy systems sur-
rounding a target area provide efficient energy harvesting. Fig. 4
shows two distributed antennas as a 20-element dual linearly
polarized narrowband patch array and a 64-element dual circularly
polarized broadband spiral array [52]. The actual size of 20-element
dual linearly polarized narrowband patch array is 22 cm � 28 cm
Fig. 4. (a) 20-element dual linearly polarized narrowband patch array (22 cm� 28 cm)
and (b) 64-element dual circularly polarized broadband spiral array (18.5 cm�
18.5 cm) [52,53].
and the actual size of 64-element dual circularly polarized broad-
band spiral array 18.5 cm � 18.5 cm. Operating frequency of
distributed antennas are 1.96 GHz and 2e18 GHz, and the array size
and amount of harvested power is scalable. The amount of har-
vested energy can be increased by attaching a conductive reflector
to such an antenna array [48]. Through an experiment, the authors
demonstrated that the output voltage of two monopole antennas
with a conductive reflector was greater than without the reflector.

We also mention about wearable antennas as wearable an-
tennas have attracted more attention for RF energy harvesting in
the recent years [54e64]. These antenna types can be embedded in
clothes. By means of new generation smart clothes containing
mixture of textile and conductive materials, health and sport ac-
tivities can be monitored. If the porous structure of the textile
material and themoisture in the fabric are taken into consideration,
the dielectric constant and the loss tangent are influenced by these
factors. Furthermore, the dielectric constant and the loss tangent
directly affect the antenna performance (i.e., antenna conversion
efficiency) [29]. A novel three dimensional textile antenna array
was presented in Ref. [64]. The antenna was designed and simu-
lated by HFSS. The antenna patch and ground were made of copper
wires and its substrate was made of glass fiber. The measurement
results showed that input matching and radiation patterns of the
antenna were good but its gain was low. As illustrated in Fig. 5, a
wideband planar logarithmic spiral textile antenna was designed
[62] by CST Microwave Studio. Operating frequencies and the
measured antenna gains were 2.4 GHz, 5 GHz, 8 GHz and �0.12 dBi,
0.2 dBi,�0.63 dBi, respectively. It is seen that antenna gains are low.

Wearable antennas are flexible antennas, and bending of these
antennas may degrade the antenna performance [60] and change
the resonant frequency [57,65]. In addition, antenna miniaturiza-
tion is a technique that reduces the antenna size [58,63,66e68],
andminiaturization of an antenna dimensions may cause a tradeoff
between antenna size and antenna performance. In Ref. [63],
miniaturized printed elliptical nested fractal multiband antenna
was designed and simulated using ADS for 910MHz, 2.4 GHz,
3.2 GHz, 5 GHz and fabricated on FR4. Hilbert fractal structures
were used to enhance the impedance matching for these fre-
quencies. According to the best knowledge of the authors, it was the
widest bandwidth antenna operating from 900MHz to 6 GHz at
that small scale for RF energy harvesting applications. Measured
gains of themultiband antennas were�8.4 dBi, 0.74 dBi, 1.4 dBi and
1.6 dBi for 1 GHz, 1.92 GHz, 2.05 GHz and 2.7 GHz, respectively.
Simulation and measurement results for antenna gain and return
loss were close to each other. In Ref. [54], a circular disk microstrip
wearable antenna was designed for 2.4 GHz (Wi-Fi) band. Copper
and Flectron electro textile were used for the conductive parts of
the antennas separately. In addition to that, in both cases, indigo
blue jeans cotton fabrics were preferred for substrate materials. It
was simulated that the frequency bandwidth was 116.74MHz and
Fig. 5. Embroidered textile spiral logarithmic antenna [62].



Fig. 7. (a) L type (b) P type (c) T type impedance matching network topologies [46].
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return loss was �32 dB for the copper case. Whereas the frequency
bandwidth was 113.27MHz and return loss was �23.13 dB for the
electro textile case. In terms of the simulation results, the antenna
gain and conversion efficiency were 5.75 dBi and 56.12% for the
copper case, respectively. Whereas the antenna gain and conver-
sion efficiency were 5.19 dBi and 50% for the electro textile case,
respectively. In that study, it may be deduced that the electro textile
patch antennas is a good alternative to a solid substrate patch an-
tenna. It is observed that the higher the antenna gain, the higher
the antenna conversion efficiency.

3.2. Matching circuit

There are numerous impedance matching studies
[22,46,69e72]. Simple matching circuit can be designed from a
combination of resistance, inductor or capacitor. The resistor is the
real part of the impedance, and the inductor and the capacitor are
the reactive parts. Only using resistors for impedance matching
causes power loss. In this case, only the real part of the impedance
is matched [46]. Quarter-wavelength transformer is a technique
that uses a l/4 transformer for matching the antenna to the other
part of the circuit. If the impedance of the antenna just consists of
real part, this transformer is directly connected to the load. How-
ever, if the impedance of the antenna consists of both real and
reactive parts, the transformer is connected to a proper distance
from the antenna [22]. An ideal impedance matching between an
antenna and a load can be accomplished by using shunt stub
matching depicted in Fig. 6. If ends of the stub are left open-circuit,
it is called open-circuited shunt stub. However, if ends of the stub
are connected to each other, it is called short-circuited shunt stub.
As shown in Fig. 6, the length s is varied to make the real part of the
antenna impedance equal to the real part of the line impedance.
The length l of the shunt stub is changed tomake the susceptance of
the stub equal to in magnitude but opposite in phase to the sus-
ceptance of the line at the connection point of the antenna and the
transmission line.

L type, P type and T type impedance matching networks are
some of impedance matching network topologies as illustrated in
Fig. 7. In Ref. [46], all of these impedance matching network to-
pologies were designed for RF energy harvesting circuits. L type
impedance matching network generally consists of series capacitor
with shunt inductor or vice versa. In Ref. [46], the frequency
bandwidth of the P type impedance matching network is wider
than L type but the efficiency of the RF energy harvesting circuit of
the L type is more than the P type. In addition to that, the T type
improves the output voltage levels. In Fig. 7, C and L represent
capacitor and inductor, respectively. TL represents any circuit
element that contains resistance, capacitor or inductance.
Fig. 6. Shunt stub matching [22].
In Ref. [70], an improved dynamic impedancematching network
was suggested for maximizing the harvested energy. The inductive
part of the antenna was tried to balance by three different capaci-
tors. According to the input power level, the proper capacitor was
selected by the control unit. In that study, it was shown that this
method was always better than static and no matching method. In
Ref. [73], a novel method was applied for eliminating the imped-
ance matching between an antenna and a rectifier. The high input
impedance of an off center fed dipole antenna was well match to
the high input impedance of a broadband rectifier. Since both the
antenna and the rectifier have the same impedance values, the
impedance matching circuit between them is not needed.
3.3. Efficiency of antenna and matching circuit

The harvesting antenna of an RF energy harvesting system
converts the electric field strength of the incident RF signal into the
voltage level at the antenna terminals. Then a matching circuit is
used to match the impedances of antenna and rectifier. There are
various parameters that affect the efficiency of antenna and
matching circuit. It can be formulated as follows

hant ¼
Pa
Pw

: (9)

In addition to that, the efficiency of antenna and matching circuit
can also be stated by conversion and impedance matching
efficiencies

hant ¼ hcon;ant him;ant: (10)

This efficiency can be rearranged by the conduction, dielectric, and
impedance matching efficiencies,

hant ¼ hchdhim;ant; (11)

where hc is the conduction efficiency, hd is the dielectric efficiency,
and him;ant is the impedance matching efficiency [22]. All effi-
ciencies are dimensionless. The conduction and dielectric effi-
ciencies can be combined as

hcd ¼ hchd; (12)

where hcd is the antenna radiation efficiency, the values of hc and hd
can be determined experimentally, and they are very difficult to
compute [22]. The conduction efficiency and dielectric efficiency
are affected by conduction and dielectric losses within the structure
of the antenna. So if possible, low conduction and dielectric losses
material should be selected for antenna manufacturing. The
impedance matching efficiency can be expressed as



Fig. 8. Half-wave, full-wave and bridge rectification methods [74].

M. Cansiz et al. / Energy 174 (2019) 292e309 299
him;ant ¼ 1� jGant j2; (13)

where Gant is the reflection coefficient as a ratio of impedance
mismatch. If there is no impedance mismatch in a circuit, it means
that there is no reflected power. So there is no power loss in the
circuit. The reflection coefficient can be formulated as

Gant ¼ ZL � ZA
ZL þ ZA

; (14)

where ZL is the input impedance of the rectifier, and ZA is the input
impedance of the antenna.

When the direction of the incoming wave and the position of
the antenna are considered, the polarization loss factor becomes
important parameter

PLF ¼
���rwraj2; (15)

where PLF is the polarization loss factor, rw is the unit polarization
vector of incoming (incident) wave, and ra is the unit polarization
vector of electric field strength of the receiving antenna. If both unit
polarization vectors are match, the value of PLF would be one. It
means that there is no polarization loss.

In this context, the antenna radiation efficiency can also be
formulated by the antenna effective area, impedance matching
between air and antenna, directivity, and polarization loss factor.
Optimization of all these parameters increases the antenna radia-
tion efficiency

hcd ¼ Aeff�
1�

���Gair j2
�
D0

l
2

4p

���rwraj2; (16)

where Aeff is the antenna effective area, Gair is the reflection coef-
ficient as a ratio of impedance mismatch between air and antenna,
D0 is the directivity of the antenna.

If there are no impedance mismatch and polarization mismatch,

i.e.,
�
1�

���Gairj2
�
¼ 1 and

���rwraj2 ¼ 1, the formula of the antenna

radiation efficiency can be simplified as follows

hcd ¼ Aeff

D0
l
2

4p

: (17)

When the output power level of antenna and matching circuit
ðPaÞ and received power level ðPwÞ are taken into account, the ef-
ficiency in antenna andmatching circuit block ðhantÞ is calculated as
shown in equation (9). For increasing the efficiency in antenna and
matching block, the conversion efficiency ðhcon;antÞ of antenna
should be kept high as much as possible. In addition, if impedances
of the antenna and rectifier are matched very well, the impedance
matching efficiency of antenna block ðhim;antÞ would be the
maximum. Therefore, the maximum efficiency will be achieved in
the antenna and matching circuit block.

To achieve maximum power transfer between the antenna and
the rectifier blocks, the impedance of the antenna should be equal
to the complex conjugate of the impedance of the rectifier circuit.
Otherwise, power loss occurs and therefore, efficiency drops. Rec-
tifiers generally utilize diodes and other circuit components. Due to
the nonlinear nature of diodes, the impedance of the rectifier cir-
cuit varies with operating frequency, input power level, and
impedance of load [73]. For these reasons, impedance matching
circuit for nonlinear components becomes very challenging task.
Moreover, the impedance matching is not only required between
the antenna and the rectifier blocks, but also between other circuit
parts. Therefore, the same impedance matching formula can be
applied to the other blocks as well.
4. Rectifier

In this section, we present the effects of rectifier on the per-
formance of an RF energy harvesting system. Numerous studies on
rectifiers in energy harvesting system exist in literature [74e82].
Rectifier is a circuit that converts RF or AC power to DC power. The
rectifier is a vital part of the RF energy harvesting system,which has
a significant impact on the overall efficiency. Input power level,
input voltage level, input impedance, output impedance, parasitic
effects, and operating frequency are some parameters of the
rectifier circuit that must be optimized to enhance the RF-DC power
conversion efficiency. Conversion and impedance matching effi-
ciencies of the rectifier circuit are explained in detail.
4.1. Rectification methods

Various rectification methods are used during the RF-DC power
conversion. As shown in Fig. 8, half-wave, full-wave, and bridge
rectification methods are only some of these methods [74]. Vpeak

represents the peak level of the AC voltage signal. In the half-wave
rectification circuit, there is only one diode D1. When the AC
voltage signal is applied to the input of the diode D1 in the half-
wave of Fig. 8, only the positive voltage cycle passes through and
negative part of the voltage cycle is lost. In terms of RF energy
harvesting, this method is the simplest method but not suitable for
some applications. In the full-wave rectification circuit, there are
two diodes D1 and D2 and two capacitors C1 and C2. When the
diode D1 conducts the negative voltage cycle and the capacitors C1
is charged up to Vpeak voltage level, the diode D2 is off. On the other
hand, the diode D2 conducts the positive voltage cycle and the
capacitor C2 is charged and during this process, the diode D1 is off.
Therefore, output voltage ðVoutÞ of the full-wave rectification is the
twice Vpeak voltage level over a period. In terms of the RF energy



Fig. 9. Low frequency equivalent circuit of a Schottky diode [83].
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harvesting, the full-wave rectification is more efficient than the
half-wave rectification. In the bridge rectification circuit, there are
four diodes: D1, D2, D3 and D4. When the diode D2 and D3 conduct
the positive voltage cycle over half a period, the diode D1 and D4
are off. Whereas, the diodes D1 and D4 conduct the negative
voltage cycle over half a period, the diodes D2 and D3 are off. Thus,
the output voltage ðVoutÞ of the bridge rectification is at Vpeak

voltage level [74].

4.2. Schottky diodes

A diode is often used as a rectification component. The choice of
diode for the rectifier circuits is critical in designing an efficient
energy harvesting system. Owing to low forward voltage drop, low
power consumption, low parasitic effects, and high switching
speed, Schottky diodes are preferred in the rectifier circuits. Some
common Schottky diode types and their parameters are illustrated
in Table 3 [83,84]. In order to enhance the RF-DC power conversion
efficiency and maximize the harvested RF power, the forward
voltage drop of the diode is minimized, and input voltage level of
the rectifier circuit is increased [14,85]. When the input voltage
level of the rectifier circuit is not greater than the forward voltage
drop of the diode, the rectifier circuit would not work. Besides,
when the reverse breakdown voltage is exceeded, a failure will
occur in diode. Due to the nonlinear behavior of the diode, the RF-
DC power conversion efficiency varies with input power level of the
diode. The increased input power level of the diode improves the
RF-DC power conversion efficiency significantly. These issues
should be considered when selecting the most suitable diode for
the design of the rectifier circuit.

A Schottky barrier diode consists of metal layer, n-type or p-type
epitaxial layer and n-type or p-type silicon substrate. Fig. 9 depicts
the low frequency equivalent circuit of a Schottky diode [83]. RS is
the parasitic series resistance of a diode, which represents the
resultant resistance of bulk layer of silicon substrate, bondwire,
leadframe and so on. The RF energy coupled into RS is dissipated as
heat energy. Thus, this dissipated energy degrades the RF-DC po-
wer conversion efficiency. Similarly, CP and LP exhibit parasitic
capacitance and parasitic inductance, respectively. The parasitic
components in the rectifier should be kept as low as possible to
enhance the RF-DC power conversion efficiency [14]. Cj is the
junction capacitance of the Schottky diode and has also parasitic
effect. The thickness of epitaxial layer and the diameter of the
Schottky diode influence the value of the Cj. RV is the video junction
resistance that depends on the current flowing through the
Schottky diode. In general, the p-type and n-type diodes are used
for small signal detector and mixer applications, respectively.

For Agilents HSMS-285� family of the Schottky diodes, the
values of RS, CP, and LP are 25 U, 0.08 pF, and 2 nH, respectively. Cj is
0.18 pF and RV is 9 kU. HSMS-285� family of the Schottky diodes
are designed for the input power level less than �20 dBm and the
frequency below 1.5 GHz. As another type, HSMS-282� Schottky
diode series are designed for the input power level greater
than �20 dBm and the frequency below 4GHz. Similarly, HSMS-
Table 3
Schottky diode types.

Schottky Diode
Types

Forward Voltage
Drop VF (mV)

Reverse Breakdown
Voltage VBD (V)

HSMS-2822 340 15
HSMS-2852 150e250 3.8
HSMS-2862 250e350 7
SMS-7630 60e120 2
CDF-7621 270e350 3
286� Schottky diode series are designed for the input power level
greater than �20 dBm and the frequency above 4 GHz [83].

Note that, with recent technological developments, alternative
diode types such as Esaki (tunnel) and Spin diodes have been
developed for the Schottky diodes. Due to the low parasitic com-
ponents, Esaki diodes can be used to operate at very high frequency
band. Moreover, Spin diodes provide lower forward voltage drop
than the Schottky diodes [74].

4.3. Single/multi band rectifiers

Single band rectifier collects the power in the ambient envi-
ronment from a single frequency band and it can be suitable for
simple energy harvesting system. However, this collected power
may be insufficient to operate a device (e.g., a sensor node). For that
reason, multiband rectifier is chosen to scavenge more power from
different frequency bands simultaneously. In addition, the wide-
band rectifier may also provide more harvested power. In Ref. [86],
a single band operating at GSM850 and a trial band operating at
GSM850, GSM1900 and Wi-Fi (2.4 GHz) bands fully gate cross-
coupled (FGCC) rectifier was designed and simulated. The trial
band rectifier presented the highest power conversion efficiency
between 0 and 5 mW input power levels. Besides, it has also better
power conversion efficiency than the single band operating at
GSM850 rectifier and enhanced the power conversion efficiency by
maximum 20% at the same input power range. According to the
simulation results, this trial band rectifier achieved the power
conversion efficiency of 66.3% at �23.2 dBm input power level per
channel with 100 kU load resistance. Moreover, this trial band
rectifier utilizing low-threshold-voltage (LTV) transistors was also
compared to the other published single [14,87,88] and double band
rectifiers [89] and it was determined that the trial band rectifier
showed a higher power conversion efficiency.

4.4. Input/output impedance

Matching of input and output impedances of the rectifier circuit
is a challenging task. Due to the nonlinear nature of the diode, the
input impedance of the diode varies with input power level and
operating frequency [79]. In order to enhance the efficiency of the
rectifier circuit, the variations in input and output impedance of the
rectifier circuit should be kept in balance. In other words, the
output impedance and the input impedance which is affected by
the variation of input power level must be matched. Otherwise, the
efficiency of the rectifier circuit drops significantly. Various
impedance matching techniques were investigated in Section 3.
Apart that, another technique which is called resistance compres-
sion network is employed. A resistance compression network is an
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impedance matching network [90e94] and it can be located be-
tween antenna and rectifier. The resistance compression network is
used to minimize the sensitivity of rectifier circuit to the large
variation of the input power level of the diode and output imped-
ance of the load. The large variation of the input power level of the
diode and the large variation of the output impedance of the load
are supported by the small variation of the input impedance of the
rectifier circuit and hence, the RF-DC power conversion efficiency is
improved. Fig. 10 shows the small variation of the input resistance
versus the large variation of the load resistance [91]. In Ref. [90], a
dual band rectifier based on the resistance compression network
operating at 915MHz and 2.45 GHz was proposed, designed and
implemented. The RF-DC power conversion efficiencies versus the
input power levels of the proposed and conventional rectifiers were
depicted in Fig. 11. Thanks to the proposed rectifier based on the
resistance compression network, the improved RF-DC power con-
version efficiency was achieved when compared with a conven-
tional envelope detector.
4.5. Efficiency of rectifier

The efficiency in the rectifier block can be divided into the RF-DC
Fig. 10. Input resistance versus load resistance [91].

Fig. 11. RF-DC power conversion efficiencies versus the input power levels [95].
power conversion efficiency and impedancematching efficiency. As
illustrated in Fig. 1, when the output power level of the rectifier
circuit ðPrÞ and the output power level of the antenna andmatching
circuit ðPaÞ are taken into consideration, the efficiency in the
rectifier block ðhrecÞ can be calculated as

hrec ¼
Pr
Pa
; (18)

hrec ¼ hcon;rechim;rec: (19)

As in equation (19), the efficiency of the rectifier block can also be
expressed as conversion efficiency ðhcon;recÞ and impedance
matching efficiency of the rectifier block ðhim;recÞ. If the power loss,
parasitic resistance, parasitic capacitance and parasitic inductance
which degrade the RF power conversion efficiency in rectifier block
are minimized, the RF-DC power conversion efficiency would be
maximized. In the same way, if the input and output impedance of
the rectifier block circuit are matched, the maximum efficiency
would be achieved in the rectifier block.
5. Voltage multiplier

In this section, we present the impacts of voltage multiplier on
the performance of an RF energy harvesting system. The output DC
voltage level of the rectifier may be not sufficient to drive a device
or sensor. For that reason, a DC-DC voltage converter circuits such
as voltage multiplier, charge pumps or voltage booster are used to
increase the output DC voltage level of the rectifier.
5.1. Voltage multiplier topologies

Various voltage multiplier topologies exist in literature
[35,95e101]. Villard and Dickson voltage multipliers are the most
common voltage multipliers inwireless energy harvesting systems.
Villard voltage multiplier is also known as Cockcroft-Walton
voltage multiplier [101]. As shown in Fig. 12, two stage Cockcroft-
Walton and Dickson voltage multipliers consist of diodes and ca-
pacitors used as voltage up-converters. Since the high threshold
voltage level and the parasitic effects of the diodes degrade the DC-
DC power conversion efficiency, the selection of the proper diode is
very crucial for obtaining maximum power conversion efficiency.
Each voltage multiplier stage consists of two capacitors and diodes.
In Dickson voltage multiplier topology, parallel capacitors are used
to feed diodes while series capacitors are used in Cockcroft-Walton
voltage multiplier topology [100]. The larger capacitor stores more
energy but it takes more time to charge [101]. Due to the parallel
configuration of the capacitors, more stages increase the total
capacitance of the Dickson voltage multiplier. So it just increases
the reactive part of the impedance. In addition to that, the output
voltage of the Dickson voltagemultiplier depends on the number of
stages

Vout ¼ 2n
�
Vin � Vfwd

�
; (20)

where n is the number of voltage multiplier stages, Vin is the input
voltage level, and Vfwd is the forward voltage drop. Vout is the output
voltage level with no load. As seen in equation (20), Vout is directly
proportional to the number of voltage multiplier stages [29].
Practically, parasitic effects and leakage currents of the diodes and
capacitors restrict the number of voltage multiplier stages. Thus,
they limit the DC-DC power conversion efficiency and voltage gain.



Fig. 12. (a) Cockcroft-Walton voltage multiplier (b) Dickson voltage multiplier [29].
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5.2. Voltage multiplier stages

The number of voltage multiplier stages is a critical parameter
for RF energy harvesting, which should be determined optimally to
obtain themaximumvalue of DC-DC power conversion efficiency. If
there are few voltage multiplier stages, the output DC voltage level
of the voltage multiplier may be insufficient to drive a wireless
device. As the number of voltage multiplier stage increases, the
output DC voltage level and the voltage gain of the voltage multi-
plier increase up to the optimal point. However, if the number of
voltage multiplier stages exceeds this optimal point, it leads to a
decrease in output DC voltage level and voltage gain. For this
reason, the number of voltage multiplier stages should be at the
optimal point for the maximum DC-DC power conversion effi-
ciency. Moreover, as the number of voltage multiplier stages in-
creases, the peak of power conversion efficiencymoves towards the
higher power value. Fig. 13 depicts the effect of the number of
stages on the power conversion efficiency [97]. The peak of power
conversion efficiency shifts from the lower power to the higher
power region while the number of voltage multiplier stages in-
creases. So the operation of the large number of voltage multiplier
stages in the low power level environment may reduce the power
conversion efficiency.

In Ref. [102], it was shown that the DC-DC power conversion
efficiency of the voltage multiplier was dependent on the input
power level. The input power and output power levels of the
voltage multiplier were�13 dBm and�20 dBm, respectively, while
the incident RF power level of the antennawas�5 dBm. The DC-DC
power conversion efficiency of the voltage multiplier was approx-
imately 19%. Besides, the input power and output power levels of
the voltage multiplier were �5.1 dBm and �6.7 dBm, respectively,
while incident RF power of the antenna was 0 dBm. In this case, the
DC-DC power conversion efficiency of the voltage multiplier was
approximately 69%. It was observed that the DC-DC power
Fig. 13. Effect of the number of stages on the power conversion efficiency of voltage
multiplier [97].
conversion efficiency was also enhanced when the input power
level was increased up to an optimal point.
5.3. Designing by CMOS technology

Voltage multipliers and rectifiers can also be designed by
Complementary Metal Oxide Semiconductor (CMOS) technology
[87,103e108]. CMOS technology utilizes both NMOS and PMOS
transistors. Fig. 14 depicts the four stage Dickson voltage multiplier
[74]. Owing to the CMOS technology, designed voltage multipliers
may be more sensitive than customary Schottky diodes at low
voltage levels. In order to obtain higher power conversion effi-
ciency and voltage gain, various existing voltage multiplier circuits
weremodified [103e106]. The lower threshold voltage of the CMOS
process is more sensitive but allows more leakage current, which
causes a power loss and degrades the overall efficiency [74]. So
there is a tradeoff between threshold voltage and leakage current.

Owing to channel resistance and gate capacitance, the imped-
ance of the MOS transistor divides into resistive and capacitive
components [109]. Various voltage multiplier or rectifier stages can
be cascaded. Cascading multiple voltage multiplier stage in series
causes capacitors to be connected in series and resistors to be
connected in parallel [14]. In that way, the total resistive compo-
nent decreases as the total capacitive component increases. If the
total resistive component drops too low, the parasitic resistance of
the circuit starts to affect the system and degrades the power
conversion efficiency. In addition to that, there is a relationship
between the size of transistor and the parasitic capacitance [110].
So the parasitic capacitance increases as the size of the transistor
increases. On the other hand, if the size of the transistor is reduced,
it will allow less current to flow. Furthermore, a decrease in channel
width causes an increase in channel resistance of the transistor. In
addition, as the operating frequency increases, the parasitic effects
also increase. All of these will affect the circuit performance.
Therefore, an optimum size of transistor and operating frequency
should be chosen in voltage multiplier circuit design.

In terms of multiple stage voltage multiplier or rectifier designs,
it is very important to achieve the highest possible power conver-
sion efficiency. Besides, its input power range should be as wide as
possible. In this way, power conversion efficiency is kept high level,
andmore amount of harvested energy is obtained at the same time.
In Ref. [111], Fig. 15 shows the power conversion efficiency across
Fig. 14. Four stage Dickson voltage multiplier based on CMOS technology [74].



Fig. 15. (a) Power conversion efficiency versus low input power level (b) Power con-
version efficiency versus high input power level (c) Power conversion efficiency versus
extended input power range [111].

Fig. 16. RF-DC power conversion efficiency versus load resistance [100].
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the several input power levels. A dual path rectifier circuit oper-
ating at 900MHzwas designed for both a low input power path and
a high input power path. For this purpose, the circuit was manu-
factured in a 65-nm CMOS technology with input power range
from �16 dBm to �5 dBm. According to the input power levels, the
adaptive control circuit selected the best path for achieving the
high power conversion efficiency across the extended power range.
Thereby, the dual path energy harvester maintained approximately
20% power conversion efficiency with 11 dB input power ranges
while single path energy harvester only maintained high power
conversion efficiency with 8 dB input power ranges [111].

5.4. Efficiency of voltage multiplier

The efficiency in the voltage multiplier block can be divided into
the DC-DC power conversion efficiency and impedance matching
efficiency. As depicted in Fig. 1, when the output power level of the
voltage multiplier circuit ðPmÞ and the output power level of the
rectifier circuit ðPrÞ are taken into account, the efficiency in the
voltage multiplier block ðhmulÞ can be calculated as

hmul ¼
Pm
Pr

; (21)

hmul ¼ hcon;mulhim;mul: (22)

As seen in equation (22), the efficiency of the voltage multiplier
block can also be stated as conversion efficiency ðhcon;mulÞ and
impedance matching efficiency ðhim;mulÞ. If the power losses and
parasitic effects in voltage multiplier circuit are minimized, the DC-
DC power conversion efficiency would be maximized. At the same
time, if the input and output impedances of the voltage multiplier
circuit are matched, the maximum efficiency would be achieved in
the voltage multiplier block.

6. Energy storage or load

Energy harvesting circuits are designed to produce a certain
amount of power. If the average harvested power is greater than the
power consumption of the load (e.g., device or sensor), the energy
harvesting circuit may feed the load continuously [112]. Therefore,
no energy storage device is required. Otherwise, the harvested
power should be stored in an energy storage device. The impedance
of the energy harvesting circuit depends on various parameters
such as input power level, operating frequency, load impedance,
rectifier or voltage multiplier topologies, etc. Maximum power
transfer can only be obtained when the load impedance is well
matched to the circuit. For this reason, there is an optimum load
impedance for each input power level and operating frequency. As
seen in Fig. 16, the highest RF-DC power conversion efficiency was
achieved only at certain load resistances [100], while the input
power levels were different. If these certain load resistance value is
too high or too low, the RF-DC power conversion efficiency greatly
degrades. So the energy harvesting circuit should be designed by
choosing the optimum load to achieve the highest power conver-
sion efficiency. The energy storage devices can be considered as a
load for the energy harvesting systems. The performances of energy
storage devices are compared by using the Ragone plot, where
energy density is plotted versus power density [113]. Note that the
energy density represents the amount of energy per mass (Wh/kg)
and the power density represents the amount of power per mass
(W/kg) in the Ragone plot. Hence, the Ragone plot shows the time
required to deliver the energy in the energy storage devices
comparatively. In RF energy harvesting systems, supercapacitors or
rechargeable batteries can be used to store the harvested energy.
6.1. Supercapacitors

Supercapacitors are electrochemical double layer capacitors
with high energy storage capacity. They have higher power density
than batteries and higher energy density than conventional ca-
pacitors. Because of these features, supercapacitors are placed be-
tween the conventional capacitors and the batteries. Owing to
quick charging times, good discharge performance and long life-
time, the supercapacitors are preferred to accumulate the har-
vested energy [29]. A supercapacitor can be modeled by an ideal
capacitor and an internal resistance. The capacity value of super-
capacitor drops to 80%, and the internal resistance value doubles in
10 years [114]. With decreasing capacities, the actual life of super-
capacitors can be up to 20 years. The efficiency of supercapacitors is
dependent on the charging and discharging efficiencies. Consid-
ering a supercapacitor as a load in the energy harvesting circuit, the
charging efficiency decreases with the increase in the value of in-
ternal resistance. The charging efficiency of supercapacitor is suf-
ficiently high because of low internal resistance. The internal
resistance of supercapacitor with 350 F capacity is measured in mU
levels [115]. However, the high self-discharge feature degrades the
efficiency of supercapacitor, which causes a decrease in the effi-
ciency of the energy harvesting system.
6.2. Batteries

Batteries are an energy storage alternative of supercapacitors,
which can also be utilized as rechargeable power supply in the
energy harvesting circuits. There are various type batteries such as
nickel cadmium (NiCd), sealed lead acid (SLA), nickel metal hydride



Fig. 17. PMU in the energy harvesting circuit [121].
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(NiMH), lithium (Li), and Lithium ion (Li-ion). Lithium and lithium
alloy batteries are more advantageous than other batteries because
they are more efficient. The equivalent model of a battery can be
shown as a series connection of an ideal voltage source and an
internal resistance [116]. Considering a battery as a load in the
energy harvesting circuit, the charging efficiency of battery changes
with the charging current. There is an optimum point for the
charging current to maximize the charging efficiency of battery
[117]. Batteries have higher energy density than supercapacitors as
well as conventional capacitors, as an advantage. However, batte-
ries have lower power density and lower lifetime than super-
capacitor, as disadvantages. In addition to that, new energy storage
device that is called supercapattery has been developed recently.
Supercapatteries have carbon nanotubes and redox materials as an
electrode, which combine the best advantage parts of super-
capacitors and batteries [118]. A supercapattery has higher energy
storage capacity value than supercapacitors and quicker charge and
discharge value than batteries. Because of these advantages, it will
contribute to the efficiency of energy harvesting systems.

In an energy harvesting system, the type of energy storage de-
vice should be decided on the basis of advantages and disadvan-
tages, such as energy density, power density, leakage current,
lifetime, size, charging and discharging efficiencies.

6.3. Efficiency of energy storage device or load

The efficiency in the energy storage device or load block is
directly related with the impedance of the block. The impedance
matching efficiency of the energy storage device or load block can
be calculated as

him;load ¼ 1� jGloadj2: (23)

Gload is the reflection coefficient and a ratio of impedancemismatch
between load and voltage multiplier circuit as

Gload ¼ Zload � Zmul

Zload þ Zmul
; (24)

where Zload is the input impedance of the load and Zmul is the input
impedance of the voltage multiplier circuit. While there is no
impedance mismatch between load and voltage multiplier circuit,
there is no reflected power and the reflection coefficient would be
zero. Thus, there is no power loss in the circuit.

7. Power management

Power management can be regarded as a common process
involving rectifier, voltage multiplier, and energy storage units. In
this context, it affects the efficiency of all these units. Power
management is a smart application to maximize the efficiency and
harvested energy in wireless energy harvesting system. For these
reasons, Power Management Unit (PMU) is utilized in many energy
harvesting circuits [1,10,52,99,119,120]. Fig. 17 illustrates the PMU
placed in the energy harvesting circuit [121]. Power management
can be provided by Maximum Power Point Tracking (MPPT), which
is applied to energy sources with time-varying power. The MPPT
aims to obtain maximum power from the energy source by
adjusting current or voltage based on the current-voltage curve of
the energy source [122]. A MPPT algorithm is used to find the
optimal point for the maximum generated power [123] and this
algorithm runs under the PMU application. Moreover, the MPPT
algorithm can be executed by different techniques. The PMU allows
the wireless energy harvesting circuit to monitor the harvested
energy levels and provides the charge control and charge
protection of the energy storage devices such as capacitors or
batteries [52]. Thanks to the PMU, the efficiency of the energy
harvesting system can be tracked and optimized.

In Ref. [99], an optimized PMU was designed to enhance the
efficiency of DC-DC power converter. The inductor value, fitness
function and on-time were optimized parameters for the DC-DC
power converter efficiency. The resistor emulation and particle
swarm optimization techniques were utilized to determine the
optimum parameter values. The resistor emulation technique was
used to follow the maximum power point at low power levels. On
the other hand, the purpose of the particle swarm optimization
technique was to find the best values of inductor and on-time
which provide the maximum efficiency. In this study, it was
determined that the efficiency of the optimized PMU was 9.25%
more than conventional PMU. In Ref. [124], a power management
circuit is implemented for RF energy harvesting, which 87.7% effi-
ciency is achieved for 2.4 mW power. In Ref. [125], a
microcontroller-based power management system is designed for
RF energy harvesting, and the amount of harvested energy is
significantly improved by means of MPPT and adaptive optimiza-
tion algorithm. Thus, with power management, it is possible to
enhance the efficiency of wireless energy harvesting systems. The
efficiency provided by the PMU can be considered in the efficiency
of rectifier, voltage multiplier, and energy storage units.

8. Efficiency of energy harvesting circuit

The efficiency is one of the most important features that show
the performance of an energy harvesting circuit. It directly affects
the amount of energy obtained from the energy harvesting circuit.
Therefore, the efficiency of the energy harvesting circuit should be
increased as much as possible. Energy harvesting circuit mainly
consists of antenna and matching circuit, rectifier, voltage multi-
plier and energy storage device or load blocks. The efficiency in the
energy harvesting circuit can be expressed as seen equation in (25)
and (26). In terms of conversion efficiency and impedance match-
ing efficiency, this formula can be extended as depicted in equation
(27). The efficiency of wireless transmission medium (hair) is not
included in the energy harvesting circuit but it is included in the
energy harvesting system. However, the efficiency of the wireless
transmission medium is explained in detail in the previous
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subsection (efficiency of wireless transmission medium subsec-
tion). Hence, it can be written

hehc ¼
Pa
Pw

Pr
Pa

Pm
Pr

Ps
Pm

; (25)

hehc ¼ hant hrec hmul hload; (26)

hehc ¼ hcon;anthim;ant hcon;rechim;rec hcon;mulhim;mul him;load; (27)

where hehc is the efficiency of energy harvesting circuit.
In order to obtain the maximum efficiency, each block in the

energy harvesting circuit must be optimized. The impedance
matching between the blocks must be achieved for obtaining the
maximum impedance matching efficiency in each block. On the
other hand, the conduction efficiency and dielectric efficiency
should be increased by reducing the conduction and dielectric
losses within the antenna structure for maximum conversion effi-
ciency in the antenna and matching circuit block. In this way, the
conversion efficiency in the antenna and matching circuit block is
improved. For obtaining the maximum conversion efficiency in
rectifier block, the power loss, parasitic resistance, parasitic
capacitance, and parasitic inductance should be decreased as much
as possible. Likewise, the power losses and parasitic effects in
voltage multiplier block should be minimized for achieving the
maximum conversion efficiency in the voltage multiplier circuit.
Finally, the energy harvesting circuit should be terminatedwith the
most appropriate load value.

There are many designed and implemented wireless energy
harvesting circuits in the literature [43,90,126e138]. In terms of
efficiency, some implemented RF energy harvesting circuits which
the maximum power conversion efficiency is greater than 50% and
a few less than 50% were investigated in detail in Table 4. In
Table 4
Conversion efficiency.

Ref. Frequency (GHz) Band Conversion
Efficiency (%)

Input
Power (dBm)

Output
Voltage (V)

Antenna
Type

[126] 2.45 Single 83 0 1 Microstrip
[127] 2.45 Single 78 295.3

mW=cm2
Patch

[128] 2.45 Single 73.9 10.4 Patch
[129] 2.45 Single 70 3 1.6 Patch
[130] 2.45

5.8
Dual 66.8

51.5
10
10

2.6
2.3

Just rectifier

[90] 0.915
2.45

Dual 65
55

0
0

Just rectifier

[131] 0.85
1.85

Dual 15
15

�20 Patch

[132] 0.5e1.0
1.5e2.0
2.3e3.6

Triple 55 27 Just rectifier

[133] 0.9
1.8
2.45

Triple 45
46
25

�15 Patch

[43] 0.876e0.959
1.71e1.88
1.92e2.17
2.41e2.48

Quad 84 5.8 0.9 Dipole

[134] 0.6e1.15 Broad 80.1 39.03 Just rectifier
[135] 0.9e1.1

1.8e2.5
Broad 75 20 Dipole

[136] 0.9e2.45 Broad 50
68
78

�3
14
23

2.1
1.45
4.2

Patch

[137] 0.47e0.86 Broad 60 10 Just rectifier
[138] 1.8e2.5 Broad 55 �10 Dipole
addition to that, two studies were included, which indicate lower
power conversion efficiencies. The related articles were sorted by
frequency bands. Within each frequency band, the maximum po-
wer conversion efficiencies were ordered from the largest to the
smallest, respectively. For that reason, some relevant articles were
selected and investigated in terms of maximum efficiency, fre-
quency band, antenna gain, diode type, load, etc.

In Ref. [126], a high efficiency wireless energy harvesting circuit
was designed and implemented for 2.45 GHz. The measured gain of
the two element dipole array microstrip antenna was 8.6 dBi. The
Schottky HSMS-2852 diode was shunted across the antenna which
was designed tomatch the circuit. Themaximumpower conversion
efficiency of 83% was achieved while the input power level was
approximately 0 dBm and the load was 1400 U.

In Ref. [127], a dual input rectifier was designed and fabricated
for 2.45 GHz. This rectifier was connected to the two ports of dual
linearly polarized patch antenna which can receive all polarization
of incident wave. Horizontal and vertical gains of the antenna were
7.45 dBi (H) and 7.63 dBi (V), respectively. The Schottky HSMS-2860
diode was connected to the circuit as a single shunt diode. The
maximum power conversion efficiency of 78% was obtained while
the input power density was 295.3 mW/cm2 and the loadwas 550U.

In Ref. [128], an enhanced differentially driven rectifier was
proposed. Differentially fed microstrip patch antenna was designed
and manufactured for 2.45 GHz. The measured antenna gain is 5.47
dBi. The Schottky HSMS-2860 diodes were used for differentially
driven rectifier topology. The maximum power conversion effi-
ciency of 73.9% was achieved for a rectifier with an antenna while
the input power level was 10.4 dBm and the load was 1400 U.

In Ref. [129], a rectifier and an antenna were presented as a
rectenna for wireless energy harvesting circuit. The rectifiers to-
pology was the two stage Dickson voltage multiplier utilizing the
HSMS-2852 diodes. Koch fractal patch antenna gain was 4 dBi and
Antenna
Gain (dBi)

Antenna
Dim. (mm)

Topology Load (U) Diode
Type

8.6 80� 87 Shunt diode 1400 HSMS-2852
7.45 (H)
7.63 (V)

70� 70 Shunt diode 550 HSMS-2860

5.47 70� 100 Diff. driven 1400 HSMS-2860
4 Dickson multiplier 13000 HSMS-2852

no antenna Series diode 1050 HSMS-2860

no antenna Series diode 1000 SMS-7630

Series diode 2200 SMS-7630

no antenna Series diode 50 HSMS-282�

3.26
3.02
6.88

170� 48 Dickson multiplier 50000 HSMS-2852

6 100� 100 Voltage doubler 11000 MSS20-141

no antenna Class-F 34
1.8
3.5
3.3

Shunt diode 250e3000 HSMS-2820

6 50� 50 Series diode
Shunt diode
Bridge rectifier

2400
750
200

HSMS-2850
HSMS-2860
HSMS-2820

no antenna Dickson multiplier 12200 SMS-7630
2.5e4.12 70� 70 Bridge rectifier 14700 SMS-7630
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designed for 2.45 GHz. The advantage of this type antenna was its
overall size and bandwidth. The maximum power conversion effi-
ciency of 70% was achieved for rectenna while the input power
level was approximately 3 dBm and the load was 13 kU. The
implemented rectenna was able to harvest enough power to
operate the 1.6 V light emitting diode from the 3.1m far away the
transmitter.

In Ref. [130], a dual band rectifier was realized for 2.45 GHz and
5.8 GHz. There is no antenna in this circuit. For maximum power
transfer, a dual band impedance matching circuit was implanted.
The Schottky HSMS-2860 diode was used as a single series diode.
When the input power level was 10 dBm and the load was 1050 U,
the maximum power conversion efficiencies were 66.8% and 51.5%
for 2.45 GHz and 5.8 GHz, respectively. In addition to that, the peak
DC voltages were 2.6 V for 2.45 GHz and 2.3 V for 5.8 GHz.

In Ref. [90], a dual band rectifier operating at 0.915 GHz and
2.45 GHz was presented. There is no antenna design in this circuit.
A dual band resistance compression networks were utilized for
impedance matching circuit and also used to reduce the sensitivity
of input power and output load variation. Thus, improved power
conversion efficiency was obtained when it is compared to tradi-
tional envelope detector. The Schottky SMS-7630 diodewas used as
a single series diode. When the input power level was 0 dBm and
the load was 1 kU, the maximum power conversion efficiencies
were over 65% and 55% for 0.915 GHz and 2.45 GHz, respectively.

In Ref. [131], a dual band rectenna operating at 0.85 GHz and
1.85 GHz was presented. Broadband monopole patch antenna was
fabricated for dual band. The Schottky SMS-7630 diode was used as
a single series diode.When the input power level was�20 dBm and
the loadwas 2.2 kU, themaximumpower conversion efficiencywas
15% for both 0.85 GHz and 1.85 GHz.

In Ref. [132], a triple band rectifier which covers the wide fre-
quency band was designed and fabricated for 0.5e1.0 GHz,
1.5e2.0 GHz, and 2.3e3.6 GHz. There is no antenna design in this
circuit. The Schottky HSMS-282� diode was used as a single series
diode for rectifier topology. A composite right left handed trans-
mission line technique was utilized to form a multi band antenna.
The maximum power conversion efficiency of 55% was achieved
while the input power level was 27 dBm and the load was 50 U.

In Ref. [133], a triple band rectifier which covers the wide fre-
quency range was designed for 0.9 GHz, 1.8 GHz, and 2.45 GHz. The
Schottky HSMS-2852 diodes were chosen for Dickson voltage
multiplier. Modified Yagi-Uda patch antenna was fabricated for
triple band. The antenna gains were 3.26 dBi (0.9 GHz), 3.02 dBi
(1.8 GHz) and 6.88 dBi (2.45 GHz). When the input power level
was �15 dBm and the load was 50 kU, the maximum power con-
version efficiencies were 45% for 0.9 GHz and 46% for 1.8 GHz and
25% for 2.45 GHz, respectively.

In Ref. [43], a quad band rectenna covering GSM900, GSM1800,
UMTS and Wi-Fi frequency bands was designed and fabricated for
wireless energy harvesting. The high gain of wideband dipole an-
tenna receiving the frequency band from 0.9 GHz to 3 GHz was 6
dBi. The Schottky MSS20-141 diodes were chosen for modified
voltage doubler topology. In this circuit, impedance matching
network was realized for maximum power transfer. In order to
operate the energy harvesting circuit, the minimum input power
level was �20 dBm. The maximum power conversion efficiency of
84% was obtained while the input power level was 5.8 dBm and the
load was 11 kU. At �15 dBm, DC output voltage level was 0.9 V.

In Ref. [134], a broadband class F-1 rectifier was realized for
ranging from 0.6 GHz to 1.15 GHz. There is no antenna design. Input
and output impedance matching circuits were used in this circuit.
The maximum power conversion efficiency of 80.1% was achieved
while the input power level was 39.03 dBm (8W) and the load was
34 U.
In Ref. [135], a broadband high efficiency rectifier covering

0.9e1.1 GHz and 1.8e2.5 GHz was designed and fabricated. In this
design, broadband off-center-fed dipole antenna was chosen for
high input impedance. The input impedance of this antenna was
directly matched to the input impedance of the rectifier. Therefore,
impedance matching network was eliminated. The gains of
broadband off-center-fed dipole antenna were 1.8 dBi for 0.9 GHz,
3.5 dBi for 1.8 GHz, and 3.3 dBi for 2.4 GHz. Various diodes such as
SMS-7630, HSMS-2850, HSMS-2860, and HSMS-2820 were used to
achieve maximum efficiency. The peak efficiency was obtained
using HSMS-2820 diode as a shunt diode. The maximum power
conversion efficiency of 75% was achieved while the input power
level was 20 dBm and the load was between 250 U and 3000 U.

In Ref. [136], three different rectenna topologies were designed
and implemented for ranging from 900MHz to 2.45 GHz. In the
first rectenna architecture, the Schottky HSMS-2850 diode was
used as a series mounted diode for low input power level which
was below 0 dBm. In the second rectenna architecture, the Schottky
HSMS-2860 diode was utilized as a shunt mounted diode for me-
dium input power level which was between 0 dBm and 20 dBm. In
the third rectenna architecture, the Schottky HSMS-2820 diodewas
used as a bridge diode for high input power level which was above
20 dBm. WLAN patch antenna was utilized for all rectifier topol-
ogies. The gain of the WLAN patch antenna was 6 dBi. According to
the input power level, the appropriate rectenna (rectifier and an-
tenna) was activated for energy harvesting by power management
system. The maximum power conversion efficiency of 50% was
achieved for series mounted diode rectenna while the input power
level was �3 dBm and the optimum load was 2.4 kU. Furthermore,
the maximum power conversion efficiency of 68% was obtained for
shunt mounted diode rectenna while the input power level was
14 dBm, and the optimum load was 750 U. Finally, the maximum
power conversion efficiency of 70% was achieved for bridge diode
rectennawhile the input power level was 20 dBm and the optimum
load was 200 U. For the first, second, and third rectennas, the DC
output voltage levels were 2.1 V at 0 dBm, 1.45 V at 10 dBm, and
4.2 V at 20 dBm, respectively.

In Ref. [137], a broadband rectifier was designed and manufac-
tured for ranging from 470MHz to 860MHz. In this design, there is
no antenna. An impedance matching circuit based on a non-
uniform transmission line was utilized for impedance matching
in this circuit. The Schottky SMS-7630 diodes were chosen for two
stage Dickson voltage multiplier. The maximum power conversion
efficiency of 60% was achieved while the input power level was
10 dBm and the load was 12.2 kU.

In Ref. [138], a novel broadband rectenna ranging from 1.8 GHz
to 2.5 GHz was designed and fabricated for wireless energy har-
vesting. Dual polarized cross dipole was used to improve the
receiving capability in this circuit. The gains of dual polarized cross
dipole antenna were 2.5 dB for 1.8 GHz and 4.2 dB for 2.5 GHz. A
novel impedance matching network was based on two different
branches to improve the rectenna efficiency. The Schottky SMS-
7630 diodes were used for a two stage voltage doubler circuit.
The minimum input power level was down to �35 dBm. The
maximum power conversion efficiency of 55% was achieved while
the input power level was�10 dBm and the optimum loadwas 14.7
kU.
9. Conclusion

RF energy signals are ubiquitous and they have vital advantages
for RF energy harvesting systems. Compared to the other energy
sources such as solar, thermal gradients and mechanical vibrations,
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the power density of RF energy is relatively low but the amount of
harvested energy is sufficient to power up some sensors or devices.
In this study, not only theoretical knowledge but also practical
application areas were highlighted. An RF energy harvesting system
has been thoroughly reviewed in this paper. The blocks of an RF
energy harvesting circuit, which are antenna and matching circuit,
rectifier, voltage multiplier, and energy storage device or load
blocks, have been investigated based on efficiency in detail. An-
tenna types and gains, impedance matching techniques, diode
types, multiplier stages, supercapacitors, batteries and loads were
explained separately. In order to obtain the maximum efficiency,
optimization of each block in the energy harvesting circuit was
discussed so that all the parameters affecting the efficiency were
explained. Furthermore, some designed and implemented energy
harvesting circuits were presented and investigated. In the light of
aforementioned information, it is seen that the performance of an
RF energy harvesting system depends on many factors such as
transmit power, propagation distance, frequency band, operation
voltage, antenna gain, antenna number, matching topology, recti-
fication method, diode type, voltage multiplier topology, multiplier
stage number, power management algorithm, energy storage de-
vice type, and load impedance. This paper has provided a basis for
efficiency in RF energy harvesting that is a promising technology
for future research. RF energy harvesting technology, which allows
devices to acquire their own energies, is attracting much interest.
The design of the various components required to collect and store
or use the energy directly is becoming well developed. It is ex-
pected that this technology will continue to grow and improvewell
beyond the current status we have been able to show in this paper.
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