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Abstract

Wireless energy harvesting is a new concept for a modern wireless communication system that
provides an alternative replacement of the primary batteries. Apart from this, it can enhance battery
life and battery-free operation for low powered devices. This paper presents a comparative study of a
suitable antenna for efficient energy harvester. Moreover, it also reviews the methodologies mainly
designed for RF energy harvesting networks (RF-EHNS). Some extensive research and future research
directions are also discussed along with trade-offs of RF energy harvesting tech- nology that opens the
possibility of directly recharging electricity or secondary batteries for electronics on ambient RF
energy harvesting. This review paper concentrates on the concept of a wideband antenna to recover
wideband energy from available sources rather than a conventional antenna and to develop a battery-
free environment addressed in the proposed objectives. Consequently, this approach explored an
efficient and effective compact wideband antenna for the applications of wireless energy harvesting
devices.

Keywords Radio Frequency, Energy Harvesting, Rectenna, Radio Frequency Identification (RFID),
WLAN, Wi-Fi

1 Introduction

As the demand for wireless transmission increases, the external power supply also increases
drastically. In addition to recharging and replacement, size and weight problems, batteries are an
inclusive source with adverse environmental effects. On behalf of these reasons, it is highly desirable
to find alternative solutions to overcome their electrical limitations. In this perspective, energy
harvesting is a substitute for primary batteries, where energy is obtained from the ambient sources.
Energy is often harvested from a variety of available sources such as light, vibration, motion, heat,
magnetic fields, pressure, and RF/microwave signals [1]. Preservation of energy initiates through the
recycling of energy that has been used by now. This energy is always available in terms of
electromagnetic, to operate several wireless devices such as cellular base stations, wireless local area
networks with short-range distances and dedicated RF power sources, etc. The Power cast transmitter
[13] presents an example of a dedicated radio frequency energy source produced commercially is at
an operating frequency range of 915 MHz and 1-3 W transmission power. However, the
implementation of a dedicated radio frequency energy source leads to higher costs for the operating
system. The key to harvesting this “expended” energy begins with a dedicated receiver. This can
receive the available wireless signal, along with some means of converting the received signal power
into an electric power supply [2, 3]. And store that received energy in the storage unit. When the
available power is insufficient the stored power would be able to operate low power devices at any
time. Energy harvesting minimizes the maintenance and cost of the system; thus batteries can
eventually be removed in portable electronic devices. All these devices are commonly referred to as
“zero-power” devices for their ability to provide data directly over a wireless channel, using a wireless
channel with available ambient sources of energy. The “battery-less” approach is commonly used with
radiofrequency-identification (RFID) tags that transmit a detection signal based on the power received
from the RFID reader’s transmitted signal [4, 5].
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As a result of many high-frequency technologies, ambient radio frequency (RF) energy is abundant in
urban envi- ronments. Radiofrequency bands include signals from 3 kHz to 300GHz and are used for
many applications, including radiofrequency identification (RFID) tags, Wi-Fi, television, wireless
sensor networks (WSN) , radio broadcasting and cellular phones [6]. In wireless sensor networks
(WSN), batteries can be considered unreliable, especially for certain appli- cations that require
continuous operation. To overcome power consumption constraints, the sensor nodes were configured
to operate in different modes. However, energy harvesting is still a better long-term solution. It
involves capturing and storing unused energy from the environment. For these applications, the
specified frequency spectrum is used Wi-Fi (2.41 to 2.46 GHz, 5.18 to 5.82 GHz), microwave oven
(2.45 GHz), frequency modulation (FM) radio (88 to 108 MHz) and amplitude modulation (AM) radio
(535 to 1705 kHz). RF energy can be transmitted in unaccredited bands like 868 MHz, 915 MHz, 2.4
GHz, and 5.8 GHz when additional estimated energy is required at the ambient sources. The authorized
rules control the production energy of the unaccredited signal band to 4 W EIRP (effective isotropic
radiated power) applied in RFID at 915 MHz. The ambient RF energy with lower power density
unluckily makes a dependable work harvesting the amount of energy consumed, for which both
antenna and processing circuitry requires careful anal- ysis and design [7]. However, particularly for
biomedical applications, radiation exposure should be carefully considered. Electromagnetic wave
affects the human body individually. Considered frequency range 1 MHz to 10 GHz, the EMF
potentially enters via the tissue and generates heat due to energy absorption. Generally, skin blocks
the EMF over 10 GHz Such as heat create eye glaucoma or skin begins to burn due to increased area
density above 1,000 W/m2 [8]. Major contributions that we have discussed here are as follows:

— This review has been focused on the suitability of antenna structure. Existing antenna structure
and rectifier topologies have been discussed [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26] as well as we have introduced the new approach for antenna structure [27]. Fractal patch
antenna [27, 28] is more efficient for energy harvester circuit in terms of antenna miniaturization and
increment in gain.

- Comparative study of multiple antenna structure in terms of size, bandwidth, radiation pattern,
multiband behavior and feeding difficulty level has been discussed in Table 1. Here it is observed that
fractal patch [28] and spiral antenna shows the good characteristics compare to another antenna
structure mentioned in the table 1.

- Basically, authors has been discussed the single band harvester [10, 12, 14, 19, 20, 21, 22, 25,
26, 29, 30] which will be work for considered bands, now if we need to receive signal at other
frequency band then that designed antenna will not able to receive signal with the same strength. So
there is need to design another antenna for that particular application. That will create limited
application problem and that problem have been analyzed here.

— Availability of different type of RF sources in an environment.

- The principle of rectenna, terminology related to designing of harvester circuit.

Major advantages of the RF energy harvesting in our daily life is - easily available, works in hazardous
location, can take advantage of electricity tariffs can track mobility and replace batteries is the most
efficient application in our practical life. So it is required to design an efficient harvester circuit is
important here.
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2 Overview of Radio Frequency Energy Harvesting System

The basic needs to design an efficient RF energy harvester we have required: 1) an RF source (available
in the nearby environment) 2) Transceiving antenna 3) a Suitable Rectifier/ VVoltage Multiplier and at
the end 4) Storage Unit as shown in figure 1 [31]. These units fulfill the requirement of an efficient
harvester circuit. RF sources are available in the ambient environment that is received by an antenna,
received RF waves are converted through the rectifier in electrical power. Two antennas have been
considered here, the primary antenna transmits the RF signal and the secondary antenna will receive
that power and forward to it at the rectifier input. The integration of the antenna and rectifier is known
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as a rectenna (Energy harvester device). Antenna integrated into a rectenna could be any type of
antenna appropriate for the frequency band of interest. The options included microstrip patch
fabricated PCB, monopole, bipolar, or meandered line antenna structure along with the different
rectifier topology. Rectenna considers antenna with rectifying circuitry, impedance matching network
circuits, and filters to prevent any harmonics generated by non-linear devices.

The model of the rectenna energy harvesting structure usually has a receiving antenna that could be a
radio frequency antenna [32]. The network’s efficiency depends on the antenna’s capability to accept
the RF signal. When signals are higher, the more efficient the system is. The matching system network
follows some antenna patterns that maximize energy and also ensures that signal reflection through
the load resistor is minimized [33, 34, 35]. In the rectenna device, the use of the matching network
allows the structure to maximize the use of the antenna’s RF energy. Whenever the energy is
transmitted in the network of matching systems, the rectification is needed for noise cancellation and
the accepted RF and AC components are transformed into DC components. The use of a voltage
multiplier changes the lower input voltage into a much higher DC voltage. Whenever the signal
transmits via a multiplexer, the network model can accept a power storage capacitor that keeps the
flow of power relatively stable at a high rate [36]. It can be optional because different applications
need a different setting and separate output from a structure. Cell phones constitute a big source of
radio transmitters by that RF power is harvested and possibly modify network users to supply power
on demand by the diversity of short-range sensor utilization (e.g. Wi-Fi routers along with wireless
terminals like laptops). In some urban environments, plenty of Wi-Fi devices can be detected from a
single location. In a low range, like in the hall, a low quantity of power can be harvested via a regular
Wi-Fi transmitter in the energy range of 50-100 mW. The higher gain broad antenna is required to
perform harvesting analysis of RF power from a cellular base station as well as a broadcasting radio
station for longer operations.

The rectifying elements based on semiconductors are applied to almost all modern energy-harvesting
electronic circuits in various topological networks to convert DC power from RF [37]. While
semiconductors are capable of handling electricity in relatively small quantities, for various
applications, these low-cost and small Form factor conditions are perfect. Schottky diode is selected
due to its lower junction capacitance with a low voltage threshold in place of the PN diode [38]. For
more efficient operation on low power, this low threshold is ideal and lower junction capacity enhances
the maximum frequency on which the diode may operate.
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2.1  Selection Criteria of Diode

The diode is an important building block when designing a rectifier. This application is especially the
Schottky diode used. The Schottky diode is a metal-semiconductor junction that differs from an
ordinary semiconductor junction. Particularly, for RF energy harvesting, The Schottky diode is an ideal
component that provides high switching speed for low forward
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Fig. 1 Functional Model of an Energy Harvesting System [31]
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voltage. Schottky diodes are often used in RF applications with frequencies up to 50 GHz due to the
rapid switching action. As presented in Figure 2, by the nonlinear relationship, the Schottky diodes are
usually modeled. With the help of three major regions, the 1-V curve is defined and characterized. The
diode presents reverse the biased condition if voltages are below the reverse breakdown voltage Vbr
and it carries on current in the reverse direction. When the diode is off then merely an extremely low
leakage current flows through Vbr to VT, which is called turn-on voltage. The diode in this case is set
to forward biased condition above VT and the current probably accumulates correspondingly to the
voltage [39]. Whenever the diode works as an ideal rectifier, then the highest DC voltage of VO, DC
controls by the reverse breakdown
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Fig. 2 V-I characteristics curve of breakdown and turn-on voltages

voltage and is presented as
Vi

2 M

This condition usually occurs due to this DC voltage that controls the high AC voltage generated from
the input waveform. However, in the case of continuous wave excitation, input waveforms are
balanced symmetrically, the highest peak-to-peak voltage becomes close to the Vbr breakdown
voltage, and Equation 1 presents the highest DC voltage. The waveform exceeds the breakdown
voltage if this limit is crossed by the peak-to-peak voltage then the DC level never arises. Therefore,
as a result, the maximum DC power PDC-max is controlled by

Poc-max =-Vi

4R (2)

For applications that operate near the breakdown voltage, the maximum efficiency assured is generally
1.3-1.4 times of intrinsic diode of load resistance RL [40]. This value is similar to the trade-off among
the similar values of resistance at the highest energy transmission with a high resistive load to reduce
the loss produced by the switch of the voltage diode. RF (radio frequency) power harvesting methods
have the salient attributes of the following:
— Over feasible ranges, it allows a constant and uniform energy transfer.
- Harvested power in the immovable RF-EHN is predictable and comparatively stable over time
due to consistency with the distance.
— However, the magnitude of the radio frequency power harvested relies on the length of the RF
energy source to the network of sensor nodes in other locations that have a noticeable change in the
harvested energy.

Vooe =

2.2 Receiving Antenna

As we know, the antenna receives a signal from nearby sources in any energy harvester circuit. This
technique requires an efficient antenna with an appropriate rectifier circuitry to convert EM waves into
electrical power. And that electrical power will later be used to power the integrated system.
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In many applications of wireless communication such as mobile radio, satellite, etc. low-profile
planner antennas, which also include microstrip patch antennas ( MPA), are preferred to meet the
requirement in which there are weight, cost, ease of installation, and size constraints [41, 42, 43, 44].
An MPA typically resonates at the same frequency. Although there are many other methods by which
an antenna can resonate and present with different slot sizes at multiple frequencies [45, 46, 47, 48,
49, 50, 51] and slits [52, 53] in main patches. Usually one wants to achieve a broader spectrum of
frequencies or a multi-band spectrum. The Fractal antenna is a good example of a multiband antenna
that can be used for a considerably larger bandwidth. It can be easily calculated through the fractal
dimension. The first time, fractal Koch appeared in 1904 [54]. The fractal geometrical shape utilizes a
self-similar structure to enhance the inside perimeter length. Consequently, it is very efficient and
effective in the multiband antenna compact design for applications regarding power harvesting.

V. Hebelka et al. [27] applied an altered Koch geometry architecture to construct an antenna basically
dual-band type for applications of power harvesting. Some existing research in the field of the fractal
antenna (as a rectenna) is reported. [28] Studies the design of a fractal multiband antenna. The antenna
area increases significantly even as the 900 GSM band is included. Wideband and narrowband
antennas are also used for RF energy harvesting [55, 56]. Fractal shapes can be used for the production
of broadband and multiband antennas.

However, the design of the rectifier circuit, in particular, the construction of a network of single
impedance matching for broadband antennas is extremely challenging [57]. For the selection of power
harvesting properties from resonating bands of available frequency, a multiband antenna is preferred.
Gain, resonance frequency, and bandwidth, these parameters directly affect antenna performance. With
unobstructed space and isotopic sources of communication, the spread of waves in all directions is
similar. Therefore, the distance between the source and the distance of the electric distance is
proportional to the per unit area:

Pr

amR2

Pisotrapic =
©)
The antenna distance from sources is R, P is the power per unit area at distance R, and PT denotes
transmitted power.
This can be noticed, however, that antenna does not always transmit electricity (isotropic antenna) in
a circular form; even in certain directions, they transmit energy according to their designs. At the same
distance, the ratio among the highest power density of an antenna at the distance granted to the
optimum Omni-directional and the power density of the isotropic antenna with similar energy
radiation, familiar as the antenna gain (G) and antenna accuracy is represented by this parameter.
Gain=grD  (4)
Where D represents the directivity of an antenna and gr is the relative permitivity or dielectric
constant of an antenna material. As a result, the density of power is usually given at the distance of R
from the antenna.
_ PrGr

= 4nR? (5)
where PT is an transmitted power of an antenna and GT is the transmission antenna gain. It is
identified that always
GT =0 dBi for an ideal isotopic antenna.
The preceding formula also applies to receiving antennas. Generally, for energy harvesting
applications, a rectenna is used as a receiving antenna that comprises a rectifier. Based on the
application requirements, for a higher gain type antenna, the priority is decided. For RF transmission,
the high gain rectenna is beneficial though if the source is aware of the status and receiving antennas.
Whereas, if the position is not defined for the receiving antenna and source, then simultaneously the
low gain antenna is better for collecting signals from different directions. The antenna bandwidth is a
multiple frequency range within the antenna that efficiently works. The signals can be collected by
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large antenna bandwidth from a wide frequency range compared to the narrow antenna bandwidth.
Therefore, the antenna of broad bandwidth phenomenon presents benefits for energy harvesting but
represents a high risk of noise signal interference mostly at unwanted frequencies.

Awalis et al. [29] presented that antenna made from a lower-cost FR4 substrate in which the absolute
permeability is (gr) of 4.4, the tangent loss is 0.02, with the thickness is (h) of 1.6 mm. The total
substrate size is 18 x 30 mm2, which is 0.14A0 x 0.24A0 GHz shown in Figure 3. A feeding
technique for the Coplanar waveguide (CPW) is used with the 50 @ transmission line to stimulate the
antenna. After simulation conversion efficiency at the peak point of 75.5% is achieved, whereas the
noticed conversion efficiency is assumed approximately 68% with a signal strength of 5 dBm at 2.45
GHz.

Yang et al. [58] proposed an antenna consisting of corrugated plasmonic metal-isolator metal
formations including triple frequency bands, such as UTMS 2100, GSM-900, and TD-LTE. The power
size at 900 MHz is just 0.21A x 0.2A. The gain amounted to 1 dBi, 2.64 dBi, and —0.19 dBi 0.9GHz,
2.025 GHz and 2.36 GHz respectively presented in Figures 4 and 5. The achieved gain of the proposed
antenna is not suitable for efficient transmission. So antenna array has been supposed to.

For Antenna array, Sun et al. proposed [59] that connected four semi-yagi antennas to the invention of
T-junction. The progress in the task is that the T-junction is adaptable from an array of 1 x 4 to a
topology of 2 x 2. As a result, the structure was capable to work at less than 455 uW/cm at a low
atmospheric power level while receiving 40% PCE. Received conversion efficiency of the proposed
antenna is not showing the bet}gr response. So need to design another structure.

R~ 30 {&muh(w— -]
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Fig. 3 (a) Geometry of the antenna proposed (b) with tuning stub and 2D radiation pattern at 2.45
GHz and without prototype (a)
H-plane (Y Z—plane, ¢D90 (:b) E—plane (XZ—plane, ¢D0)
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Fig. 4 (a) Front and side view of the antenna. Measured Dimensions: R = 16 mm, H1 = 10 mm, H2 =
12mm,wl=22mm,L1=5mm,g=1mm,r=2.85mm,was=233mm,t=0.018 mm, d=1.016
mm, L =66 mm, W =70 mm (b) Fabricated antenna
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Moon et al. [60] offered an interesting new RF power harvesting antenna design based on two
radiators: a loop structure is the main one printed bipolar radiator and parasite. To receive RF energy
from the principal radiator in all directions, the parasite radiator is appropriate for efficient energy
harvesting.

Table 1 intends to evaluate the topologies of the antenna based on the above discussion [61]. Now,
physical size concerning wavelength is described, the behavior of multiple bands informs the
capability of the topology to address one or more operating bands simultaneously and the range of
frequency close to the central operating frequency is described by the bandwidth. Analytical
description can be applied to the theoretical pattern for radiation, the problem of manufacturing, the
capability to rapidly map the structure to operate different frequencies and the problem of correctly
feeding/tapping the antenna. Table 1 shows that to meet tight sizing constraints and target multiple
operational bands, the fascinating selection is slot-coupled multi-resonators, spiral-shaped antennas,
PIFA (planar inverted ‘F’ antennas), and a fractal type implementation, like the Koch. For simple and
regular fabrication to be evaluated, the planar inverted ‘F’ antennas and spiral-shaped antenna patterns
are applicable for the commercialization process. The spiral antenna is also quite directional, which
does not fit the use we seek. The fractal loop implementation stands above the slot coupled multi-
resonator through its ability to be quickly and methodically re-scaled/refabricated for different
frequency bands. By maintaining a repetitive segmentation process during a meandering, the figure
can be parameterized by the number of sides in the starting shape and the length of a segment. This
should allow rapid scaling to a new frequency band via a single parameter change.

The received signal can arrive from any direction due to the location randomness of the RF energy
source in ambient RF energy harvesting; therefore the omnidirectional antenna is a better option in the
RF energy harvesting applications. The size of the harvester circuit with antenna and its performance
is always been trade-off. An antenna as a component plays an important role in any harvesting device
because its performance has a direct impact on the complete harvester efficiency; hence, the selection
of the suitable antenna is an important issue. In many research work, conventional antennae [14, 17,
23, 25] like Monopole, Dipole, Yagi-Uda, Microstrip patch antenna, and various antenna arrays are
used for multiple
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Fig. 5 Simulated and measured radiation patterns of an antenna at (a) 0.9 GHz, (b) 1.575 GHz, (c)
2.025 GHz, and (d) 2.36 GHz
Table 1 Comparison of Antennas

Antenna Electric Size Bandwidth | Radiation Multiband Structure | Scalability Level of
Type Pattern Behavior Difficulty | with Feeding
Frequency complexity

Microstrip A2 xA/2 Small Directional Good (with Low Easy for a Low
Rectangular (especially modification) simple patch
Patch in array)
Microstrip (Circle inside:) Medium Directional Poor Low Easy for Medium
circular Patch A/2xA/2 (broadside) center feed
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Gap Coupled A2 xA/2 Medium Directional Good (with Low Difficult Low
Microstrip patch Plus parasitic (broadside) modification)
elements

Slot Coupled A/2xA/2 Medium Directional Excellent Medium Difficult High

Multi Resonator (of lowest freq) (broadside)

Folded dipole < A2 xA/2 Small Toroidal Poor Low Easy Low

PIFA AAx < A/4 Good Semi Toroidal Good (with High Difficult Medium

modification)

Spiral A2 x A/2n Excellent Directional Excellent Medium n/a Low
(broadside)

Koch Fractal A4 xA/8 Good Semi Toroidal Excellent Low Easy Low

frequency bands. Due to this, the harvester designing circuit would be more complex. To reduce the
complexity of the system and to obtain higher gain along with wider bandwidth rather than a
conventional antenna, a Fractal wideband/multiband antenna will be a good agreement. This antenna
makes the system more compact because of smaller in shape and lighter in weight and easy to fabricate.
Microstrip patch fractal shape (like Koch fractal, Sierpinski, and Minkowiski loop) antenna with
multiple iterations could be better option to get maximum achievable frequency due to its higher gain
and stronger signals capability. This antenna will give better results in terms of novel compact rectenna
circuitry along with various rectifier topologies.

2.3 Impedance Matching Network

In most circuit designs, the impedance matching networks have already been applied in antennas to
maximize the energy transmission over a network or to minimize the signal loss throughout the
network [62].

In electrical systems, low energy utilization, electricity leakage while power transmission results in a
loss of energy. In this situation, additionally, highest power between load and RF source is transmitted
that are ensured by the impedance matching network. The received antenna works as a primary source
for energy harvesting applications whereas rectifier (voltage multiplier) works as a load. Power
transfer in DC is accepted to be optimal if resistance to source and load is different. Impedance as a
parameter is referred in place of resistance in an RF circuit. The impedance mismatch created by the
source and the load produces an electric current that is reflected in the circuit, reducing the system’s
efficiency.

L, T and m Matching Network are three types of basic configuration (Figure 6). The most ordinarily
applied network is L—Matching because it usually takes two parts that make it easier to design and
control. Furthermore, L—Matching does not change the network circuit quality factor (Q). From the

point of comparison, configuration that match T and & are usually complicated than networks L.
Z Za

L — Network Reverse L = Network
z 7 Z
A & Ao i 2 Za Ao
. l | J
T — Network T — MNetwork

Fig. 6 Common Impedance matching network topology (a) L—network (b) Reversed L—network (c)
T—network (d) =—network
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For maximum power transfer, a complex conjugate is used when maximum power transfer is required.
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Zload =ZSxource (6)

Where ZLoad represents the load impedance and ZSource represents the source impedance. This
shows the superscript

* for complex conjugate.

Reflection coefficients are also a more important parameter for the maximum power transfer. It is a
parameter that describes how much of a wave is reflected by an impedance discontinuity in the transfer
medium. Formal reflection coefficients of figure 6 are as follows:

rzzr_zezznut_zin — ﬁ

e+ Lo Lout + Lin Vin (7)

Where

Zt = Zout = Termination Impedance
Zo = Zin = Characteristic Impedance
Vr = Reflected Voltage

Vin = Incident Voltage

Quality factor Q is the dimensionless unit and it is defined as the ratio of stored energy in a circuit
component and dissipated energy by the circuit component. It represents

Q =2z - maximum stored energy/ energy dissipated per cycle (8)

In addition, the latest matching results are retained by arranging T and m configurations in several
stages, but the Q factor changes. This strategy is useful to improve voltage stimulation. IMN has trade-
offs that contain bandwidth, frequency adjustment with complexity. In case, the above multiport ladder
matching and impedance matching techniques have been proposed in [63] for enhancing performance
of the matching network as well as the antenna harvesting capabilities. However, if this configuration
is implemented then some additional components are required as opposed to the conventional network
matching, so it results as the complexity increment of the system. Etor et al. [64] proposed an IMN
which used self-designed metal-insulator diodes with transmission lines in place of ordinary
ingredients for fixed IMN THz frequencies as well as tunable IMN [65, 66, 67] have also been
introduced to better match broadband and multiband antennas. In the case of rectenna a major problem
among the wideband rectenna is the rectification behavior of operating bands of interest. For the
maximum power reception proper impedance matching such as L type network should be
implementing between antenna and rectifier. Several impedance matching topologies is used when we
design the complete harvester circuit. Basics matching techniques such as T , © and L techniques
improved the circuit performances in terms of minimization of complexity in system. While other
structure like Cockcroft voltage multiplier, Dickson charge pump voltage multiplier and voltage
multiplier with PMOS and NMOS also shown compatible results. With the implementation of the
suitable rectifier structure we can definitely improve the harvester circuit performances.

2.4  Rectifier/\Voltage Multiplier Topologies

A rectifier is a circuit that transforms AC voltage into a DC voltage. In the easiest configuration this
consists of a single diode and a capacitor. The conversion between AC to DC is required because most
electronics are using DC. The conversion is also required in order to store energy in a battery or
capacitor. Generally, the circuit within energy
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harvesting system modifies received RF power into DC components. Many other methods are also
available for doing this; the most commonly used technique is diode-based rectifier circuits. Figure 7
and 8 represents the most familiar topologies. The Schottky diodes have higher power handling
capabilities compared to normal CMQOS, and high output voltages are essential. For energy harvesting,
sensor node without battery power and the RFID circuitry utilize the topology of charge pump
presented in Figure 8c. The rectifying diode is the most common application referring for AC-DC
current conversion. The situation of energy harvesting application, there is a sinusoidal waveform in
antenna retrieved RF signal. After the change through IMN, the signal will be modified and extended
to fulfill the power demand of the application.
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Fig. 7 Rectifier configurations (a) Half wave rectifier (b) Full wave rectifier (¢) Full wave bridge
rectifier
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The half wave rectifier is the most important rectifier topology consisting of a single diode D1 (Figure
7a). Merely the positive cycle goes away, whenever the AC voltage is transferred via D1, and the
negative cycle is ignored.

In the place of the simple diode, the Schottky diode has been used to design the rectifier for energy
harvesting. It is generally applicable in RF application and also used in power applications such as
rectifier, due to its low forward voltage drop of 0.2 to 0.3 volts. This diode works as a uni polar device
and it has the electron as the majority charge carriers on both sides of the junction. This forms the
interface between both the sides of the junction. This contact increases the voltage across the diode
and makes smooth current conduction among the circuit. It has several advantages, such as it works
on high frequencies, generates less noise, highly efficient, low junction capacitance, and low turn-on
voltage, etc. The output power of the circuit for the half-wave rectifier, no-load output DC voltage of
the half-wave rectifier

V,
Vrms — peak |:9:|
2
,
Vg =—E= (10)

n

In the figure 7 (a) D1 represents the diode for the rectification, and RL represents load resister. From
Figure 7(b) full-wave rectifier the average, and RMS no-load output voltage of the circuit is

2-V
Vd: = v:nr = {11:]
T
lIIll"-|:|-|=.=l:
Vims = =/ 12
rms 2 { }I
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Where
Vdc = Vav = DC output voltage
Vpeak = Peak value of the phase input voltages
Vrms = Root Mean Square value of output voltage
Vp = Primary binding voltage
Vs = Secondary binding voltage VL = Load voltage
RL = Load resister
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In addition, the output is discontinuous because of the negative cycle is cut off. Generally, the half-
wave rectifier is not enough for ordinary applications, due to its simplicity. Therefore, preference is
given to a full-wave rectifier. Figure 7b represents a full- wave rectifier circuit design. The D1 diode
transmits the positive half-wave of the voltage and the D2 diode transmits the negative half in the full-
wave rectifier. The current is always flown from a common diode point through the load and back to
the tap center of the transformer. Figure 7c presents the full-wave rectifier and its design in the circuit.
The rectification process in the full wave bridge rectifier is occurred by way of couples of diodes
current conduction. D1 and D4 are carried out, in the voltage period of positive half-wave, while D2
and D3 are carried out in the negative half. It represents the dual topology. In the secondary winding
during each half cycle, the current always flows in dual directions but it is always in the similar
direction towards the load. Within the winding, the DC component is not present and the core is usually
smaller as compared to the centered tap rectifier at the same

i o
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[a) Cockeroft Voltage MMultiplier

o TFTT

Sl 1 Sl 2
Lep nckson Lharg: Pump Yadtage Mulbipher 1d) Iferential Dreae Yadtage Mulbipher
Fig. 8 Common voltage multiplier topology (a) Cockcroft voltage multiplier (b) Four stage Dickson
voltage multiplier (c) Dickson charge pump voltage multiplier (d) Differential drive voltage
multiplier
DC power rating. Voltage multipliers circuits can be designed by diodes and capacitors which can
enhance the input voltage by two, three, or even four times, individual half or full stage multipliers are
cascaded together in series gives the desired DC voltage at given load and a step-up transformer is not
required. Situations where modified power is not sufficient for many applications, it is required to
promote stacking to output DC is to create single rectifier and voltage multiplier in the series [48].
Many configurations available for voltage multiplier are presented in Figure 8. The Cockcroft-Walton
voltage multiplier presented in (Figure 8a) is the most significant and common configuration. The
operating principle of this circuit is same as the full-wave rectifier (Figure 8b) but for maximum
voltage gain, there are more steps. The Dickson multiplier shown in Figure 8b is an improvement of
the configuration of Cockcroft-Walton, to reduce parasitic effects, stage capacitors are being shunted.
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Thus, for small voltage applications, Dickson multiplier is the first choice. though, achieving high
conversion efficiency due to high threshold voltage between the diode making the leakage current is
challenging, thus reducing overall efficiency. Since, rectenna is efficient RF energy harvesting
technique, but, the produced output DC voltage is inadequate to control the logical point of current
electronics which is usually 1 to 3 V on the applications of low power RFID [5]. The charge pump
rectifies RF to DC and the voltage is steppedup into operational stage by using cascaded diode-
capacitor steps. For biasing reference, the earlier stages are used by each stage, and as a consequence,
a higher voltage is acquired. Moreover, the CMOS processes can be influenced by RFID circuit for
producing loss-less harvesters [5] and diode properties are manipulated. It is noted that sometimes a
collection of these proposals is used as rectenna harvesting energy for producing low voltage which
usually give power to the high efficient DC to DC converter supported by the conventional Dickson
charging pump [68] raise the voltage to levels sufficient for powering the electronics. It is also noted
the original model of Dickson charge pump uses digital periodic signal with low frequency to enhance
the DC voltage in place of applying RF signal for the same application. DC output of the harvesting
circuit totally depends on the number of rectifier stages. So, selection of the rectifier stages is also
more important in the designing of energy harvester.

3 Energy Harvesting Circuit Characterization (Parametric Analysis)

There are many parameters which are required to be evaluated, that make decision to show the design
of the energy harvesting system. Evaluability varies depending on different properties. Nevertheless,
standards are defined as the value to compare those important values like efficiency, sensitivity,
operating distance, antenna gain and output power. However, there are trade-offs among these
parameters, like the frequency and the total conversion efficiency. Moreover, other commercial
subsidiaries, such as low cost, manufacturing process maturity and wholesale manufacturing
accessibility and availability, also dominate.

3.1 Frequency Operation Range

The operating distance is generally correlated to the operating frequency. However, transmission is
higher than distinc- tive conditions over low frequencies at high frequencies, whereas lower frequency
enters deeply through the substance. Therefore, if Energy Harvesting is used for transplantable devices
at that time the transmission frequency should not be more than the MHz range. When choosing an
inductor or capacitor for a high frequency application, it is important to select a component with a self-
resonance frequency is more than operating frequency within the circuit. Self-resonance frequency of
capacitor or inductor can be calculated as follows:

1
fresonant = 2nVLC Hz (13)
We have presented the Equation 13 for the response of single resonance. During the number of
resonance frequencies, this equation is considered as the ideal equation to find out the standard
dimensions. After getting the standard parameter, a parametric analysis of the structure would be
beneficial. The parametric analysis provides the optimist structure analysis for the relevant
applications.

3.2 Power Conversion Efficiency (PCE) of RF-DC

Power conversion efficiency is determined as total energy-harvesting efficiency of circuit. It is also an
important parameter to improve in rectenna circuit, so filter is better option for the enhancement of
PCE. For an example, low pass filter (LPF) will be suitable choice to provide the proper impedance
matching among the antenna and the rectifier circuit. Reason behind the selection of LPF, it can block
the higher order harmonics which is radiated back to the antenna.
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The desired power Pout-DC in both conditions is the DC voltage Vout-DC across the load resistance
RL defined in Equation 14.
1
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By this useful output power is provided to the circuitry of the device. If the power received at the input
is defined as
Pin-EH at the energy harvesting circuit, the charge- pump efficiency is nEH

PDIJ‘!:‘-DC
= feueDC 15
fen Pin-en (13)
vz =
TJ—‘ (16) . . . . .
in-EH The nonlinearity exist in diodes

indicates reflection of few amount of power from energy harvesting circuit when it is not totally
matched. The power-conversion efficiency nPCE is defined as

_ Pourpoc
flece = ;u— (17)
imn-CP

v
- Pin-gn iﬁf::ﬂ:ct:d (18)
Where Pin-CP the power supplied to the charge pump usually neglects the reflected power of
Preflected due to different impedance. These issues are decoupled by power-conversion efficiency by
matching the energy-harvesting circuit and Instead of directing its intrinsic capacity to convert DC
voltage to RF power. Whereas, the major nEH may becomes nPCE. At input power level, this situation
occurs when the antenna absolutely corresponds to the energy harvesting system [40]. Therefore, input
power of the antenna Pin-EH equals the power of the Pin-CP energy harvesting circuit. Sensitivity
measurement is also more important in RF energy harvesting system. This define the received RF
power in dBm. The sensitivity of an energy harvesting method is explained as the lowest incident

power limit needed to activate the system.

4 Energy—Harvesting Circuit Losses

The extremely high capable energy harvesters are always preferable, particularly for nonlinear circuits
like diodes and diode-connected transistors, many types of loss phenomena make it challenging and
hard to reach higher efficiencies.

4.1  Threshold with Reverse—Breakdown Voltage

Generally, the highly significant diode efficiency value is the VT threshold which is a turn-on voltage.
The efficiency of the low power is controlled by this value and referred to as “VT effect”. If the energy
harvester does not have sufficient power, then sufficient energy is not available to overcome such
obstacle and the output capacitor will not charge. The diode efficiency is also controlled by the reverse
diode breakdown voltage Vbr because this curve allows the diode to be shown by “Vbr Effect”. These
circumstances will be on the high power level whenever the diode DC bias breakdown is similar to the
old mentioned voltage. When the DC output voltage is constant then the decrement in the efficiency
curve can be noticed.

4.2  Impedance Matching

If there is a proper mismatch between power harvesting circuit and its antenna, then the output power
produced by the antenna is returned into the environment, becomes unusable. The usable energy for
modification decreases automatically if the power becomes unutilized. It becomes especially
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challenging to match the energy harvester circuit structure because load impedance changes with
respect to the frequency as well as the power input due to non-linearity of impedance element.

A \-z~
£/ p
AUnyegh ]

4.3  Device Parasitic

The device parasite can also reduce efficiency significantly. Diode junction resistance RS can limit the
capacity of the diode, as the current passing via diode ends the power at semiconductor junction [69].
The junction capacity Cj and inductance at maximum frequency, also result in considerable
performance reduction due to cutoff problems. The capacitance at junction usually controls the peak
frequency on which performance of the diode grows.

Extra package parasites are present however this is not discussed at this point because they have many
sources to be listed. Apart from this, in energy harvesting efficiency, conventional impairments in
transmission lines and substrates can act as an important activity depending on the substrate and the
length of the line.

4.4  Harmonic Generation

Nonlinearity in diodes also presents degradation in source whenever it provides support to express DC
power to DC. During the operation, the diode generates harmonic frequencies from power of the
phenomenon, which minimizes the energy balance and converts it into DC resulting in low efficiency
in energy harvester. As voltage at incident continues to grow, the lost power with harmonics tends to
increase. An optimum level of efficiency is the balance among harmonic generation, threshold voltage
and reverse breakdown.

Table 2 Comparatlve Evaluation of Radio frequency-Energy harvesting Circuit and System

Ref. Antenna Antenna Load RF Sensitivity/ Peak Matching Technology
Source Architecture Gain (dBi) DC Output Conversi Architecture
Voltage on
Efficienc
y
[29] 2.45 GHz CPW fed 5.6 5 KQ 18% at -20 dBm, 75.5 % L HSMS-2850
(2018) rectangular 42% at 10 dBm, Matchin
with slots 68% at 5 dBm g
Networ
k
[9] (2018) | LTE 700 MHz Log periodic 6 50 Q -25 dBm upto 45% Modified HSMS-285C
GSM 850 MHz PBC antenna -5 dBm Network
ISM 900 MHz
[10] GSM 1800 MHz Multiport 3.83 (port 1) 50 Q 21.1% at -20 dBm upto 24 % NA SMS7630-079
(2018) pixel antenna 2.36 (port 2) 6 KQ 13.8% at -25 dBm
3.90 (port 3) 6.9% at -30 dBm
[11] ISM 900 MHz NA NA 2 KQ 30% at 0 dBm 63% High Pass and SMS7630
(2018) GSM 900 MHz Inductiv -005LF
GSM 1800 MHz el
ISM 2.4 GHz matchin
g
Networ
[12] ISM 2.45 GHz Horn Antenna NA 370 Q 15 dBm 61 % L matching HSMS-286P
(2018) Network
[58] GSM 900 MHz NA 1 2 MQ -10 dBm 59% NA HSMS-2850
(2018) UMTS 2100 MHz 2.64
TD-LTE 2.36 GHz -0.19
[13] GSM 900 MHz Dual port L 8.15 5 KQ -35 to -10 dBm >40% NA SMS7630-079
(2017) GSM 1800 MHz probe patch 7.15
UMTS 2100 MHz antenna 8.15
[14] ISM 868 MHz Monopole Indoor Sensor -30 dBm at 29.3mv 9% at Transmission HSMS-285C
(2016) Antenna experiment node 10 KQ line (microstrip)
[15] GSM 900 MHz NA NA 2.1 KQ -15 dBm to 20dBm 30% Transmission HSMS-2850
(2015) GSM 1800 MHz line (microstrip)| ATF34143
[16] DTV 539 MHz Wideband 6 100 KQ -10 dBm 5 to 10% L matching HSMS-285C
(2014) ISM 915 MHz Antenna network
267,400,600,900
& 1350 MHz
[17] ISM 915 MHz Loop NA 1 MQ -27 dBm at 1V 40% at NA 90 nm CMOS
(2014) ISM 886-908MHz Antenna -17 dBm
[18] Simulation NA NA 50 KQ -10dBm at 1.3V 79% L and 7 HSMS-2852
(2014) RF 60 KQ 80% matching
source 10 K@ 75% network with
915MHz lumped
900MHz elements,
945MHz transmission
line
(microstrip)
[19] ISM 868 MHz PCB Indoor NA -16 dBm at 2V 58% at -3 NA 130 nm
(2013) differential experiment dBm CMOSs
antenna
[20] DTV 512-566 Planar log 7.3 MCU -14 dBm at 19.5% at L matching NA
(2013) MHz periodic single tone 1 Mo network
-37 dBm at
multitone
[21] DTV 512-566 MHz| Printed 5 T1 -15 dBm 7% at L matching SMS-7630
(2013) Dipole EZ430 470 KQ network HSMS-286C
antenna
[22] DTV 539 MHz NA 6 Sensor -8.8 dBm 23% NA Seiko S-882Z
(2013) Cellular 738 MHz Node 18 dBm 26% IC charge
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pump
[23] GSM 900 MHz Multiband NA 50 2 -10 dBm 18% Transmission SMS-7630
(2013) GSM 1800 MHz annular ring NA N line
UMTS 2150 patch antenna NA A
MHzWi-Fi -13 dBm N
2450MHz A
10
%
[24] DTV 470-610MHz Horizontal 4.35 100 u -25 dBm single tone 40% L matching SMS-7630
(2013) GSM 900 MHz & Vertical 4.42 (capacitor) -29 dBm multitone Network
GSM 1800 MHz polarized 4.32
7 3G 2110- antenna 4.39
2170MHz
[25] DTV 470-810 Yagi-Uda 4.27 NA -15 dBm at 0.725 V NA L matching HSMS-282C
(2012) MHz network with HSMS-285C
lumped
elements
[26] ISM 902-928 NA Indoor MICA2 -20 dBm at 1.8 V NA NA HSMS-2852
(2012) MHz Experiment HSMS-2822
[30] DTV 512-566 NA NA T1 -9 dBm 8% at NA NA
(2010) MHz EZ430 10kQ

5 Related Work

Antenna as a component plays an important role in any harvesting device because its performance has
direct impact on the harvester efficiency; hence, the selection of the suitable antenna is an important
issue. Table 2 shows the different aspect of energy harvesting. VVarious topologies have been developed
for RF-DC rectifier design. With a large range of ambient RF frequencies, most circuit designs target
a single operating band, because it is more viable antenna designs. In order to achieve highest energy
in wide frequency range, wide-band with compact antenna power is required for small handheld
devices such as tablets, telephones, electronic clocks and other intelligent sensors.

Muncuk et al. [9] designed energy harvester in the Boston and cover 65% area. It has considered the
standard sensor T1 eZ430-RF2500 for battery free operation for their work. They have designed and
analyzed the harvester prototype which covers the 45% city location with the considered bands such
as LTE 700, GSM 850 and ISM 900. In addition, this prototype is also compatible for low power T1 p
CUs such as MSP430L092 and MSP430G2553 in different operation modes. Proposed device is able
to receive signal with the range of -25 dBm to 5 dBm. Received signal strength is quite good but here
does not explore the achieved power conversion efficiency.

Shen et al. [10] have prepared the triple port pixel antenna for the GSM 1800 band. It has optimized
the binary optimization problems using gradual binary optimization. And this prototype shows the
19% improvement in conversion efficiency when the input RF power is -20 dBm. Harvester
measurement demonstrates that the proposed antenna has more than twice the DC output power
compared to single-port antennas of the same size. Achieved power conversion efficiency has not
shown good reception here.

Mansour et al. [11] work presented for efficient conversion efficiency over 30% from 870 MHz to 2.5
GHz which is based on the designed cascaded rectifier structure along with broadband rectifier. From
970 MHz to 3.1 GHz the standard simulation value is over 50%. Aim of the work is to design compact
rectifier along with narrowband signals in particular frequency. Here authors has been considered
narrowband signal which shows the limited application with the considered operating bands.

Erkmen et al. [12] FSS absorber design has been introduced. This is used for ambient RF power
harvesting or controlled WPT. They have also captured the excellent absorption behavior of the
periodic structure. Then integrate the FSS absorber with a matching full-wave rectifier. Measured
conversion efficiency is about to 61%, which correspond to the combined efficiency of receiving
Electromagnetic radiation, transmits the captured power into rectifier and converts DC power into the
load. Achieved power conversion efficiency has shown quite enough for WPT.

Shen et al. [13] presented a dual-port Triple-Band L-probe microstrip patch rectenna. It has considered
the bands such as GSM900, GSM-1800 and UMTS-2100 for the RF harvesting. Dual port patch
antenna with stacking by two single port antennas has been analyzed. Each port separately harvests
the power with the 7 dBi gain. Results has been shown proposed harvester circuit receives more than
40% of the RF power from all the considered bands. Achieved power conversion efficiency has not
shown good reception here. Gain of the antenna has shown quite good results.
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Assimonis et al. [14] presented a high sensitive energy harvester, which consists double diode structure
with one series circuit. Antenna has been designed with a lossy FR 4 substrate. This design aimed
minimum reflection coefficient along with maximum rectification efficiency. Simulated and measured
results shows the rectenna efficiency 28.4% at -20 dBm power input. Achieved power conversion
efficiency has not shown good reception here.

Liu et al. [15] proposed new dual-band rectifier along with absolute power range and an optimal RF
power incidence scheme to design multiband RF energy harvesting circuit. With the dual bands input
the power conversion efficiency is achieved more than 30% within range -15 dBm to 20 dBm. Power
gain is sustained from -20 dBm to more than 10 dBm along with effects of different RF power rate
ratio is also investigated. Apart from this, it could be considered as a proper reference for multiband
rectenna design. Achieved power conversion efficiency has not shown good reception here.

Parks et al. [16] investigate the approach for the multiband harvester. Consider single wideband
antenna along with many narrow bands rectifier. Here rectifier series consist a band pass filter with
tuned impedance matching network. Rectifier output is combined through a diode which is able to
analyze good performance, while the subset of the narrow band harvester is energized. This technology
makes environmentally sensitive possibly for mobile applications.

Stoopman et al. [17] designed small loop antenna with the integration of CMOS rectifier. It worked
on antenna and rectifier interface to improve the sensitivity. Five stages cross connected rectifier with
CMOS technology has been designed and fabricated. To prevent variation in antenna, interface
introduced among rectifier and antenna which boost the antenna voltage as well as to improve the
sensitivity. Harvester capability has been improved with the implemen- tation of complementary MOS
diode which shows the improvement in energy storage during the power insufficiency for rectification.
A measurement done in anechoic chamber and shows the result -27 dBm at 868 MHz sensitivity for 1
Vout and 27 meter range for a 1.78 W when RF source has placed in an office corridor. Received
conversion efficiency is equals to 40% at -17 dBm. Achieved power conversion efficiency has not
shown good reception here but rectifier topology has been implemented with CMOS.

Agrawal et al. [18] presented the effects of multiplier stages on output voltage followed by power
conversion efficiency. With Dickson topology this efficiency is achieved approximately 80% at the
input power range of 0 to 10 dBm. Low pass filter application was also demonstrated in the work. This
provides the improvement in output voltage 140 mV at -10 dBm input power. Efficiency harvested
from this approach is 75% and 64% with er = 9 and substrate height h = 0.0004 m for microstrip line
among 10 kQ load of matching circuit at -10 dBm input power level.

Scorcioni et al. [19] demonstrated RF power harvester includes an integrated rectenna with differential
antenna. Fabricated prototype has a sensitivity of -16 dBm with the 60% conversion efficiency.
Although it is constant more than 40% for an input power range of above 10dB. Evaluated RF Energy
Harvester works efficiently using the Wide-band differential antenna designed from ad-hoc to 840
MHz to 975 MHz band. Achieved power conversion efficiency has not shown good reception in the
case of differential antenna with proposed rectifier circuitry.
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Vyas et al. [20] embedded MCU operation which is powered by digital TV band at single-tone signal
with 6.3 km distance from the signal source. RF—DC charge pump has been constructed at this point
along with 20% of high efficiency by -3 dBm input power. Achieved power conversion efficiency has
not shown good reception here due to consideration of single operating bands.

Shigeta et al. [21] introduced concern about time variation produced in TV signals by an algorithm
development to direct sensor duty cycle and mitigate the consequences of leakage problems in the
capacitors.

Correspondingly, Parks et al. [22], Piuela et al. [24] and Keyrouz et al. [25] used a TV band based on
digital signal to give power into sensor at the distance of 10.4 km from the source on 738 MHz center
frequency base transceiver station. While ambient power is typically low, highly efficient rectennas
operating in a single narrow band are required. Hence, it is crucial to simultaneously harvest energy
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from more than a few frequency bands for ensuring reliable functioning. Achieved power conversion
efficiency has not shown good reception here.

Nintanavongsa et al. [26] shows that optimized prototype low power incidence which can achieve
increment in efficiency compared to a commercially available harvester circuit in the power range.
This works represents that Mica2 sensor mote. It could be operated after their duty cycle is selected on
the basis of incident RF power as less than 6 dBm. In addition, prototype LPM4 is capable of
maintaining neutral energy of Texas Instruments MSP430G2553 at 20 dBm. Investigational results
are in good agreement with the values seen during simulations. Also compare the efficiency of
observed from Power cast to commercially available RF power harvester, where prototype is largely
evaluated with the signal strength of 20 to 7 dBm. In addition, the RF—EH environment also allows
battery-free communication for Internet of Things applications. Single channel, such as a TV band and
GSM, ISM bands are the most existing works [30].

This work discussed a review of new rectenna system. Which introduces the development of multi-
band rectennas with fractal shaped antenna. And it shows the increment in power harvesting from
different sources, such as TV signals, Wi-Fi, cellular network and similar types of environmental
sources, thus removing the shortcomings of this single band method. The fractal antennas application
influences definite significant size and multiple resonance advantages as presented in [70]. Although
a fractal antenna contains multiple resonances, it is important to control the resonant frequencies to
produce power from the several on demand RF sources. In the incrementing frequency ranges and
energy levels, notably on dense population urban regions, ambient radio signals are universally
present. These radio signals and wave forms present a distinctive and broad available energy sources
if efficient and effective energy harvesting possible.

From the existing work, it is concluded that

— There is need to do improvement in energy harvester circuit as well as antenna structure [20,
21, 22, 24, 25]. Because antenna is a heart of any transmission system so received signal strength of
antenna is also more important for efficient transmission. This has not been discussed in existing
literature.

— Different rectifier circuitry along with voltage doubler topologies [9, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 30] have been studied and discussed in this work.

— Need to design wideband [19] and multiband antenna [10, 51] structure to cover the nearby
available RF sources which has not been explored by the existing authors.

In future, proposed approach will improve the considered works such as:

- To design an antenna which operates at multiple frequencies including WLAN, Bluetooth at
2.4 GHz, WiMax at

2.3 GHz, LTE/4G 2.6 at GHz and WLAN at 5.2 GHz at the same time along with single radiating
patch antenna. Received signal strength (DC voltage) of the rectenna requires being modified for the
purpose of efficient power transmission.

— To improve rectenna efficiency as well as reduction in size, this is more compatible with
wireless applications. Minia- turization of an antenna is more important if they are to be included in
compact electronic devices such as mobile, sensor networks or wearable. While passing through
commute, preserving the high radiation efficiency of these anten- nas is probably a big challenge that
should be resolved. And in last, reduce transmission loss along with increment in operation range.

6 Existing Application

WSNs have become the most widely used RF power harvester applications. An ideal RF power
harvester system can be implemented with the help of sensor node for power supply.

— [71] Presents such as example, researchers construct transmitter with RF-power which works
at 915 MHz downlink frequencies and 2.45 GHz uplink frequencies. The highest instant data rate is 5
mbps, whereas the average data rate is 5 kbps. The transmitter can operate with input threshold of -
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17.1 dBm and maximum power transmission of -12.5 dBm. Also shown abundant prototypes of RF-
powered sensor nodes in [30, 72, 73, 74, 75, 76, 77, 78, 79].

— In [80, 81, 82], an experimental multi- hop WSN powered by RF is presented. The RF-powered
systems also consist of exciting medical and healthcare implementations like wearable body networks.
Improvement by RF power harvesting system, low-power medical devices could be manufactured to
achieve real time on-demand devices which can be implemented with RF sources that allow for circuit
without battery with a small sized device significantly.

— The researchers also proposed the energy-efficient RF-powered ICs design patterns in [83],
work as on-demand pro- tocol. The gain levels of antenna reaches 1.8-2.06 dBi and the rectenna RF to
DC conversion efficiency is 77.6-84%.

- Several performance for battery- free RF- powered devices from a Wi-Fi router [84, 85] GSM
signals [24, 86, 87, 88] and DTV signal bands [30, 89] the ambient mobile devices as well [24] have
also been shown in existing research publications.

- In addition, RF power harvesting could be applied to supply a wider range of low-power mobile
devices, like electronic clocks, hearing facilities, MP3 music player, mouse and keyboards device.
Many of them use power ranges only from pW to mW.
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7 Conclusion

Single radiating patch antenna has the capability to fulfil the requirement of many wireless
transmissions with reduction of number of antennas or antenna array. It minimizes the maintenance
and system cost effectively. Fractal antenna with various shapes is one of the best alternatives of the
conventional antennas. It could be approximately 20% more efficient than conventional antennas
which would be useful to upgrade research area in a novel direction. With the help of fractal antenna
we can get better reception and pick up more frequencies such as Bluetooth, Wi-Fi and cellular devices
all from a single radiating patch antenna at the same time. Apart from this, the lifespan can be operated
with harvesting ambient energy along-with the frequency of radio waves for up to several decades. An
efficient rectenna electronic circuit of gadgets reduces the need of charging for I0T devices of the
upcoming generation and can also provide battery-free functionality for devices with 150 mW or
smaller of power requirements.
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