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Abstract
Piezoelectric Energy Harvester (PEH) is a promising technology for harvesting energy from low frequency ambient

vibrations. To generate the power from these low-frequency signals, PEH device must adapt its attributes according to

respective applied input frequency range or has a wide operational frequency band. This paper presents, an experimental

study of PEH providing two different modes of operation. The first working mode is a result of beams resonant frequency

which is auto-tunable due to moving Centre of Gravity (CoG). The second mode of operation is mainly due to cylinders

rotational and vibration motion creating impact on beams surface as well as on walls of proof mass. The device provides

dual band nature for applied frequency range. The maximum power transfer is studied by varying the resistive load

experimentally and FEM simulation is also carried out for the same. First working mode provides frequency band of 21–

35Hz generating average power (r.m.s.) of 6lW with the optimal load of 5MX. Second working mode has a frequency

band of 45–60 Hz with an average harvested power (r.m.s.) of 7:75lW with 2MX optimal load. The maximum harvested

output power (r.m.s.) is 13:18lW. The effect of acceleration is studied for both working modes of the device. The

frequency tuning range for the device is obtained as 46.96% for the provided band.

1 Introduction

Uninterrupted power source is a substantial need in the era

of IoT and wireless sensor nodes. Without power, sensor

nodes will die down causing a stoppage to the primary

source of information of IoT. Though batteries provide

power, their capabilities are finite and those cannot be

reliable in the acute conditions. Harvesting power from the

available physical energies such as solar, wind, vibrations,

radiations etc. is the best solving for such dire needs.

Electrostatic (Cottone et al. 2014; Madinei et al. 2016;

Beeby et al. 2006), electromechanical (Jackson et al. 2015;

Saadon and Sidek 2015; Jia and Seshia 2016; Li et al.

2014) and piezoelectric (Zhu et al. 2010; Klah and Najafi

2008; Challa et al. 2008; Li et al. 2011) transducers are

available for energy harvesting. However, Piezoelectric

Energy Harvester (PEH), due to its high power density and

high voltage generation capability, is emerged as a major

research field in this direction. This study mainly focused

on the use of mechanical vibrations for harvesting energy.

Mechanical vibrations are generated from different man-

made machines, infrastructures or any vibrating objects. To

extract this mechanical energy and convert it into electrical

usable energy, transducers are mounted on the vibrating

platform. Vibration based PEH is a viable option in such

scenario. Cantilever based structure is one of the most

commonly used designs for PEH. This type of harvester

provides the maximum power only at its resonance, i.e.,

when

fpiezo

fsource
¼ 1 ð1Þ

where, fpiezo is natural frequency of the device and fsource is

input vibration frequency.

If the value of fsource shifts away slightly from fpiezo, the

output power reduces drastically. Therefore, single reso-

nant cantilever structures have limitations. However, a

device with multiple resonant frequencies can achieve

output power multiple of that of single cantilevered struc-

ture. As a result, researchers have started concentrating on

wideband or tunable harvesters that have multiple resonant

frequencies. Multi-resonant devices are made up with array

based arrangement (Xue et al. 2008; Shahruz 2006;
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Meruane and Pichara 2016) or addition of non-linear

structure (Miller et al. 2013; Somkuwar et al. 2018; Wu

et al. 2014; Friswell et al. 2012) to the existing design. The

non-linear arrangements have one or more oscillating

structures that introduces a non-linearity in the device

which increases the number of resonant frequencies of the

harvester. In Jackson et al. (2016), a liquid filled proof

mass is used for increasing bandwidth with change in CoG

caused by dynamic movement of the liquid. This paper

analyses dynamic behaviour by varying density and vis-

cosity of liquid. The density of liquid has dominant effect

on the performance. Liquid metal with substantially higher

density is used by Jackson and Stam (2018) produces a

sloshing effect when excited. In this, bandwidth is

increased by 6.5 times the air-filled mass. Similar beha-

viour is observed in current study, where the solid cylinders

impacting the walls of hollow proof mass is used for

enhancing the bandwidth. In Wu et al. (2008) an

adjustable screw is used for changing the CoG of complete

mass. The tuning is manual by moving screw from one end

to another end for changing the resonance frequency of the

device. Another non-linear mechanism is reported in Andò

et al. (2010) and Cottone et al. (2009), presents non-linear

energy harvester based on interaction of permanent mag-

nets used for widening the bandwidth of the device.

Magnetic coupling for bistable two degree of freedom

piezoelectric energy harvester is presented in Wang and

Tang (2017). Here, secondary beam is attached to main

energy harvesting beam providing two resonant peaks

whereas magnetic coupling introduces non-linear dynamics

which leads to broadening of the band.

Impedance of PEH is a time dependent entity and it

varies with an externally applied frequency. To track real-

time variation in the impedance, a complex circuitry is

required. When harvester is connected to load, impedance

matching is must for maximum power transfer. Any mis-

match in the impedances reduces the power delivered to

load drastically. Techniques like Maximum Power Point

Tracking (MPPT) circuits (Zhang et al. 2012; Cai and

Manoli 2017; Kong et al. 2010; Wang et al. 2011) are used

for maximizing the power transfer. However, MPPT

requires additional power to match up the impedance of the

device with the load. This reduces the overall power gen-

erated by the device. Conventional energy harvesting

devices have internal impedance which depends on exter-

nal vibration frequency. Therefore, with a change in input

frequency, the impedance of the device also changes,

which further results into a reduced power transfer.

In this study, we have used a cantilever based device

with hollow rectangular proof mass encapsulating two

movable solid cylinders. These movable cylinders provide

extra degree of freedom to the device. These

adjustable degrees enables self adaptive property which is

used for harvesting energy from the broad range of exci-

tation frequencies by the device. The proposed device

works in two different modes. In the first mode, self

adjusting CoG plays an important role in the frequency

tuning. This adjustment results in the formation of first

frequency band. While, the second mode introduces non-

linearity in the device and thereafter set up the second

frequency band. Resistive impedance matching is carried

out manually for both the bands. Resistive load of multiple

resistances is connected to the device and power output

tested for maximum value that defines the load for the

particular band. Also, effect of acceleration on the fre-

quency bands and the output power are studied.

2 Concept and design

The device design is based on moving mass inside a hollow

rectangular proof mass. The analytical and experimental

analysis is thoroughly described in Somkuwar et al. (2018).

The unimorph type cantilevered structure with hollow

proof mass is shown in Fig. 1. The working of the device is

broadly divided into two modes explained as follows:

2.1 First working mode of PEH

Two movable cylindrical masses are enclosed within a

hollow transparent rectangular proof mass. Therefore, the

complete proof mass is a combination of two movable

cylinders with an enclosure of hollow proof mass. The

aluminium cantilever beam with commercial piezo layer

attached is shown in Fig. 1. The commercial piezoelectric

layer is a unimorph type cantilevered structure with piezo

layer sandwiched between electrodes.

At no applied input, cylinders acquire a fixed position

inside a hollow proof mass. At this stable position, centre

of gravity (CoG) of each element viz. two movable cylin-

ders and hollow proof mass is concentrated at its body

centre whereas CoG of complete proof mass is different

than individual CoG. For calculating the natural frequency,

equivalent CoG of complete proof mass must be known

and depends on the position of encapsulated cylinders. The

working principle (Somkuwar et al. 2018) is shown in

Fig. 2.

It is observed from Fig. 2 that the proof mass is divided

into fixed and movable masses, i.e., hollow proof mass is

fixed one and two solid metallic cylinders are movable

mass. Mass of hollow proof mass is denoted by mp and

mass of cylinders 1 & 2 is denoted by mc1 and mc2,

respectively. The overall mass M of complete proof mass

including movable cylinders obtained by adding all indi-

vidual masses and given as,
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M ¼ mc1 þ mc2 þ mp ð2Þ

Once, the mass of complete proof mass is obtained, the

CoG can be defined as follows:

lc ¼ mc1 l1 þ mc2 l2 þ mpl3
� �

=M ð3Þ

where, lc is the position of CoG of complete proof mass,

M is the mass of whole proof mass, l1 , l2 & l3 is the

position of CoG of C1 , C2 and hollow proof mass

respectively (see Fig. 2)

Resonant frequency of the beam can be approximated by

applying Rayleigh’s principle with uniformly distributed

mass Roylance and Angell (1979) and is given by

xn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EIz

ML3
6t2 þ 6tþ 2

8t4 þ 14t3 þ 10:5t2 þ 4tþ 2
3

s

ð4Þ

where, t ¼ lc=L , lc is the position of CoG from fixed end

and L length of the beam. The Complete description with

mass and CoG calculation is explained in Somkuwar et al.

(2018).

Fig. 1 Tunable energy harvester with movable cylinders

Fig. 2 Working concept of

proposed design based on CoG

(Somkuwar et al. 2018)
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The device when excited with a vibrating source,

movable cylinders start moving inside the hollow proof

mass. With every movement, the CoG of individual mov-

ing masses as well as complete proof-mass changes which

result into a change in natural frequency of the device.

Once device is excited at its natural frequency, the masses

acquire unique position inside proof-mass where there is

minimum potential energy Kozinsky (2009). Cylinders

remain at this position until the excitation frequency

changes. If frequency changes, device adapts its internal

degrees of freedom with cylinders movement to acquire

minimum potential energy position and hence stays in

resonance for applied input frequencies. As shown in

Fig. 6, for every change in excitation frequency, position of

mass changes which further changes the CoG of complete

proof mass, defining new natural frequency of the device.

2.2 Second working mode of PEH

When the device is excited with frequency other than

beam’s resonance frequency, the movement of cylinder

plays an important role. This movement introduces non-

ideality in the working of the device.

When the beam is not in resonance, and it is excited at

higher frequency, then both cylinders occupies a fixed

position near free end. At this position, these cylinders start

spinning and wobbling with increased rate at that position.

Here, the cylinders impacts on the beam at free end, hence

stress is exerted on the piezoelectric layer which in-turn

causes the increment in output voltage.

This output remains stable until the cylinders are at free

end. The behaviour of cylinder is repetitive for a particular

frequency band, once excitation frequency increases

beyond this band, the cylinders separate from each other

and the stress developed by these cylinders is drastically

reduced. Both cylinders acquire two extreme ends of proof

mass such that stress developed is minimized. Hence, the

output voltage beyond this frequency band is lower.

The present work is purely experimental and non-ide-

ality of the device is difficult to explain using analytical

and numerical simulations. The basic equations of motion

for beam and cylinders are presented in Somkuwar et al.

(2018).

2.3 Electrical equivalent of piezoelectric energy
harvester

The electrical equivalent of the PEH is parallel combina-

tion of resistance and capacitance Chen et al. (2017) as

shown in Fig. 3. Usually, maximum power transfer is

possible only when the load impedance and the internal

impedance of the harvester are equal. Therefore, load

impedance must match to the internal impedance of the

harvester. By using resistive impedance matching, the

optimal load resistance (RLopt ) can be calculated using

Eq. 5.

RLopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1
RP

� �2

þð2pfCPÞ2

vuut ð5Þ

where, f is the excitation frequency, CP is the internal

capacitance and RP is the internal resistance of piezoelec-

tric harvester.

Internal impedance is inversely proportional to excita-

tion frequency, i.e., the value of optimal load decreases for

higher frequencies and viceversa. As the value of RP is

large, some researchers have neglected the term 1
RP
.

Therefore, the Eq. 5 simplifies to

RLopt ¼
1

2pfCP
ð6Þ

2.4 Device fabrication and test setup

An aluminium sheet of the prescribed dimensions is used

as a main cantilever beam for the device. The hollow proof

mass is assembled in a form of hollow rectangle using

laser-cut acrylic sheets. The metallic cylinders are cut and

encapsulated inside the hollow rectangular block. The mass

of cylinders is � 93% of mass of hollow proof mass. The

complete proof mass is then adhered to free end of can-

tilever beam using highly adhesive and thin double sided

tape. On the other hand, commercially available piezo-

electric (PVDF) sensor (TE Connectivity) is adhered to the

fixed end of the cantilever beam. The fabricated device is

shown in Fig. 4.

The fabricated device is tested on in-house fabricated

vibration test bench. The device is mounted on vibration

setup using stud tied through the hole on cantilever beam.

Function generator provides the frequency input through an

amplifier to the vibrating speaker. The output voltage of the

Fig. 3 Electrical equivalent model for piezoelectric energy harvester
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device is observed using real time oscilloscope by Rohde &

Schwarz RTO1044 (Fig. 5).

Device properties and dimensions are provided in

Tables 1 and 2 respectively.

Table 3 provides the material and dimensions of com-

mercial piezoelectric sensor. The sensor is in the form of

thin unimorph type cantilever.

3 Results and discussion

In experimentation, two distinct operating frequency bands

are observed when a frequency sweep of 15–80 Hz is

applied.

The basis for these bands is:

– due to the resonance of the beam and coupled motion of

cylinders with beam

– due to cylinders spinning and wobbling action around

its own axis at increased rate with impact on walls of

proof mass and beam surface

The first frequency band of 21–35 Hz is defined as a region

I, whereas 45–60 Hz is region II. Region I provides self-

adjusting property where natural frequency changes with

respect to change in CoG. In region II, in spite of beam’s

small vibrational amplitude at higher frequency, there is

increase in output voltage due to cylinders increased

rotating and oscillating movement at free end. For the

frequencies other than region I & II (36–44 Hz), cylinders

are unstable and their positions are unpredictable. Also,

vibrations of the beam are reduced to miniscule. These two

functional bands together increase the operating frequency

range of the energy harvester (Fig. 6).

In order to validate the results of region I, firstly both

cylinders are fixed at distal end (free end-away from

anchor) and for this position, the resonance frequency is

obtained as 19.34 Hz. Hereafter, both cylinders fixed at

proximal end (fixed end near anchor) and for this position,

the resonance frequency is obtained as 23.9 Hz as shown in

Fig. 7. For both these conditions, the CoG is different and

fixed which leads to change in resonance frequency of the

device. The bandwidth for fixed mass is 4.56 Hz while for

the rolling cylinders it is � 15Hz.

3.1 Frequency band verification with frequency
sweep analysis

Experimental analysis using frequency sweep operation is

performed to identify the working frequency range of the

device. The output voltage is measured at 5MX load for a

frequency sweep of 15–80 Hz under base excitation of 1.4g

acceleration and it is shown in Fig. 8 with its FFT. It is seen

that, irrespective of the initial position of the cylinders, as

the device reaches its resonance i.e. 21Hz, the CoG shifts

towards the free end. The FEM simulation follows the

basic equation of natural frequency i.e. x ¼
ffiffiffiffiffiffiffiffiffi
k=m

p

Fig. 4 Fabricated device with piezo sensor attached to it Somkuwar

et al. (2018)

Fig. 5 Vibration test bench for

the fabricated

device (Somkuwar et al. 2018)
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providing 24.1 Hz as simulated frequency for the device.

With further increase in frequency up to 35 Hz, both

cylinders move towards fixed end and hence shifting the

CoG towards free end. This change in CoG, changes the

natural frequency as indicated in Eq. 4. This leads to res-

onance for complete first frequency band. For the fre-

quency band 35–44 Hz, position of both the cylinders is

uncertain. This reduces the cantilever vibration amplitude

drastically, reducing the harvested energy output.

At 45–60 Hz, cylinders come towards the free end with

higher rate of vibration and rotation providing the maxi-

mum output voltage as the cylinders undergo resonance in

this band (region II). Herein, although the beam vibration

amplitude is less, cylinders rotate in opposite direction with

a high speed at the free end. This resonance of cylinders

exerts stress on the piezoelectric layer resulting into the

increased output voltage.

Further, increase in frequency from 61–80 Hz, cylinders

again separate out and it changes the CoG of complete

proof mass. In this range, cylinders acquire stable position

at two opposite extremes describing CoG at the middle of

proof mass.

3.2 Load dependent analysis

The open circuit voltage for the frequency of band 20–35

Hz has been analysed in Somkuwar et al. (2018). In this

paper, a similar device with improved frequency range with

load voltage and power is presented. If the load impedance

mismatch occurs, it will lead to near zero power harvesting.

Therefore, to know the optimal load impedance of the

complete device is a very important and crucial job. Using

the electrical equivalent model of the piezoelectric sensor,

Fig. 6 Change in frequency with respect to CoG (Somkuwar et al.

2018)

Fig. 7 Resonance frequency shift with change in CoG caused by fixed

mass at distal and proximal end

Table 1 Material properties of

fabricated device
Material Young’s modulus (GPa) Density (kg=m3) Poissons ratio

Aluminium (Al) 70 2700 0.33

Steel 200 7850 0.33

Acrylic plastic 3.2 1190 0.37

The material properties shown in Table 1. are taken from FEM simulator and from Material (2017)

Table 2 Dimensions of fabricated device

Beam (mm) Proof mass (mm) C1 and C2 (mm)

Aluminium Acrylic plastic Steel

50� 10� 0:28 2� ð30� 10� 2Þ 2:2� 5

2� ð30� 2� 5)

2� ð2� 6� 5)

Table 3 Material and dimensions of PVDF (Polyvinylidene difluo-

ride) piezo sensor

Layer Material Dimension (mm)

Piezo layer PVDF 40� 10:2� 0:028

Electrodes Silver ink 2� ð40� 10:2� 0:035Þ
Protective layer Acrylic plastic 2� ð40� 13� 0:125Þ

Provided by manufacturer TE connectivity
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theoretically, we have calculated the optimum load impe-

dance of the device. Initially, the resistance

(RP ¼ 7:65MX) and capacitance (CP ¼ 1:16nF) of the

complete device at steady state is measured using LCR

meter (HIOKI IM3536). Theoretically calculated optimal

load for region I and region II are 4:96MX and 2:53MX
respectively. The capacitance value observed as 1.38nF

and invariant with respect to excitation frequency. Hence,

for maximum power harvesting only resistance value needs

to be optimized.

The output voltage(r.m.s.) with various excitaion fre-

quencies for different acceleratons is measured and pow-

er(r.m.s.) is evaluated for applied external resistance RL

through relation

P ¼ V2

RL

ð7Þ

Output power is measured for the frequency range of

15–80 Hz with varying load from 1MX to 20MX taken

from resistive load bank under base excitation of 1.4g.

Fig. 9 depicts that the proposed device has two distinct

frequency bands compared to conventional unimorph type

cantilever device which has only one resonant frequency.

This is observed due to the novel design of PEH which

incorporates coupled motion of beam and cylinders inside

the proof mass. The optimal load value of 5MX is obtained

for region I. The peak obtained in region I at 21 Hz is the

result of resonance of the beam. The maximum power is

measured 13:18lW in this region. The load value of 2MX
is found to be the optimal value in region II. At this load,

the maximum power measured is 10:54lW at 51 Hz. The

variation of optimal load for these two regions can be

explained by the influence of excitation frequency. In order

to get maximum power from harvester, load resistance is

required to match with the source resistance. The obtained

optimal load values for these two regions are found

approximately equal to theoretically calculated load values

using Eq. 5. Experimentally, it is verified that, as the fre-

quency of excitation increases, the optimal load value

decreases from 5MX to 2MX for region I to region II

respectively as seen in Fig. 10.

Load dependent response is shown in Fig. 11 for region I

using FEM tool (Comsol). The resonance is obtained at

24.1 Hz for the simulated device. For the device, maximum

power observed at 5:62MX using FEM.

The amplitude of power is increased with an increase in

acceleration as shown in Fig. 12a. The region II between

45–60 Hz shows flat response for 0.6–0.8 g because the

energy provided by external excitation source is not suffi-

cient for cylinders to provide the necessary impact on

piezoelectric layer. However, at 1–1.4 g, the cylinders get

excited and they start vibrating and rotating with higher

amplitude that causes increased stress on piezoelectric

layer resulting in a higher output power. The increment in

power is attributed to large strain developed in piezoelec-

tric layer as a result of pressure exerted by vibrating

cylinders. In Fig. 12b, it is evident that there is an increase

in bandwidth with an increase in acceleration as the

Fig. 8 Output voltage for

frequency sweep of 15–80 Hz

with FFT for 5MX at 1.4g

Fig. 9 Output r.m.s Power versus load resistances under 1.4g base

excitation
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dynamic non-linear movement of cylinder increases

correspondingly.

The voltage and power versus acceleration behaviour of

the device is depicted in Fig. 13. The maximum output

power in each region is used for studying the effect of

acceleration on the harvested power. As illustrated in

Fig. 13a, for region I at 21 Hz the output power linearly

increases with respect to acceleration as device is in the

resonance mode. For region II at 51 Hz, the cylinders

occupy position near free end and start vibrating with

maximum amplitude. Anomalous behaviour of device

results in region II as shown in Fig. 13b. The rate of

increment in output power is higher over 1g acceleration

compared to that of at 0.6–1 g. Probable reason behind this

is the amplitude and speed of vibration of cylinder inside

proof mass is higher for 1 g acceleration and the above.

The effective stiffness of the beam increases with accel-

eration which increases stress on the beam and the output

power is increased.

3.3 Effect of ratio of mass of cylinders to hollow
proof mass on bandwidth

In this part of the experiment, effect of the ratio of mass of

cylinders to the hollow proof mass on bandwidth of energy

harvester is studied. Here, the hollow proof mass is kept

constant and mass of cylinders are changed by using metals

of different densities keeping the dimensions same. The

ratio of mass of hollow proof-mass to cylinders with their

respective bandwidth is tabulated in Table 4. Three dif-

ferent materials viz. Steel (7850 kg=m3), Copper

(8960 kg=m3) and Tungsten (19300 kg=m3) are used for

cylinders. Experimental results show that increase in mass

ratio leads to decrease in bandwidth. Hypothesis behind

this is that, experimentally it is observed that with increase

in the mass of the cylinders by keeping the physical

parameters of beam and the acceleration of excitation

constant, the dynamic movement of cylinders lessens. This

is probably because of the dynamic force acting on the

cylinders to push them to minimum potential energy

position is insufficient due to increased mass of cylinders.

This restricted movement of cylinders reduces variation in

COG leading to shrinking of bandwidth. Thus, if we

decrease the density of cylinders, the bandwidth increases.

(a) (b)

Fig. 10 Maximum r.m.s Power and voltage versus Load at a 21 Hz and b 51 Hz with 1.4g acceleration

Fig. 11 Simulated load versus power for region I
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However, below certain density of cylinders their impact

on the walls of proof-mass decreases resulting in lesser

stress induced in beam leading to narrower bandwidth.

Therefore, an optimization for mass ratio has to be studied.

Also, non-linear coupled motion of beam and cylinders,

and surface roughness play an important role for this

change in the bandwidth with respect to mass of cylinders.

(a) (b)

Fig. 12 a Frequency versus Power (rms) at various acceleration. b Effect of acceleration on bandwidth

(a) (b)

Fig. 13 Maximum r.m.s power and voltage versus acceleration at a 21 Hz and b 51 Hz

Table 4 Bandwidth with respect to cylinder materials

Material Mass (g) Density (kg=m3) Mass ratio %Bandwidth

Acrylic 2.187 1190 – –

Steel 2.037 7850 93.14% 39.23%

Copper 2.323 8960 106.2% 31.25%

Tungsten 3.807 19300 174.07% 30.29%

Microsystem Technologies (2019) 25:3867–3877 3875

123



4 Conclusion

In this paper, experimental power analysis of non-linear

PEH is presented. The prototype is designed and experi-

mentally verified using in-house vibration test setup. The

proposed PEH works in two regions of operation. The first

region is a result of change in resonant frequency of the

device with change in CoG of proof mass. The second

region of operation is due to non-linearity introduced in the

device with rotating and vibrating motion of cylinders

creating an impact inside hallow proof mass. It is note-

worthy that, optimal resistance values for maximum power

in both regions are different. Therefore, only two resis-

tances are sufficient to harvest maximum power from these

two regions. The optimal load for region I and II are cal-

culated analytically and those are validated with the

experimental results. The maximum output power of

13:18lW is obtained at 5MX for region I. Similarly, the

maximum power of 10:54lW is harvested using 2MX load

for region II. The cylinder positions are undetermined

between first and second working mode of the device. The

frequency tuning range for the device is obtained as

46.96% for the provided band. Effect of ratio of mass of

cylinders to hollow proof mass on bandwidth is studied.

In future, auto switching of optimal resistance for two

regions and its effect on output power can be carried out.

Also, the parameters affecting the number of operating

frequency bands and the overall bandwidth of the device

can be analyzed. Strategies to increase the bandwidth with

maximized harvested power can be thoroughly researched

out and thereafter those can be realized in the proposed

device. Efforts can be made to make the bandwidth broad

by decreasing the difference between two bands.
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