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ABSTRACT This paper presents a novel cylindrical shaped dual-band flexible rectenna capable of harvesting

RF energy from number of RF sources available in the entire azimuth plane. The proposed configuration is

an array of four identical dual-band rectenna subsystems, printed on the lightweight flexible substrate. Here,

each rectenna subsystem comprises of a dual-ring shaped dual-band monopole antenna and a dual-band

rectifying circuit. The designed topology is good for popular bands of LTE 1.8 GHz andWi-Fi 2.45 GHz. The

robustness of the designed antenna in the proposed cylindrical shaped rectenna is also verified by testing it for

different bending angles in the H-plane by simulation as well as measurement. The bending performance is

tested for the antenna using S11 and farfield radiation pattern. Further, for extracting maximum RF signals

in the entire azimuth plane, these four identical antennas are backed by a wide-band artificial magnetic

conductor (AMC) placed in the inner region of the cylinder. The fabricated single rectenna unit is capable of

converting power with 40% efficiency at very low input RF power −12 dBm. Finally, the overall rectenna

array is fabricated and validated through measurements using two different test antennas as a RF sources in

the real environment of lab. The proposed light weight, rectenna printed on a flexible substrate can extract

RF signals from a number of randomly distributed RF sources simultaneously, while maintaining the overall

compact configuration.

INDEX TERMS Azimuth coverage, dual-band, flexible substrate, light-weight, monopole antenna, rectenna,

rectifier.

I. INTRODUCTION

The increasing demand of light-weight and compact har-

vesting systems have fostered researchers to develop the

rectenna on a flexible substrate. Here, the major challenge

of designing the flexible rectenna system is the performance

variation with the bending effect specially for the antenna.

Previously the bending effect on a patch antenna in terms of

matching and radiation pattern has been analyzed in detail [1].

A rectangular single band patch antenna on a textile substrate

using Silver-copper-nickel plating with 4.4 dBi gain was

reported [2]. In order to enhance the gain of antenna on any

flexible substrate material, the array of antennas with the

AMC backed structure was proposed in [3]. In this work,

a Foam-backed paper was used as a substrate, on which

The associate editor coordinating the review of this manuscript and

approving it for publication was Bilal Khawaja .

silver ink has been used for printing the conductive design

of 3 × 2 array of antenna with 7 dBi gain. A single band

array of 3 × 3, loop antenna on a Parylene-C substrate has

been reported in [4]. From these works, it can easily be pre-

dicted that the considerable research effort has been placed in

order to achieve high gain on flexible antenna system. Apart

from aforementioned antenna structures, numerous rectenna

designs on flexible substrate have also been reported in liter-

ature. The idea of wide band or multi band rectenna design

was also implemented on flexible rectenna system to get

high efficiency from the overall system. A wide band hybrid

rectenna system on flexible PET substrate was reported in [5].

Another approach on a Kapton substrate using inkjet printing

was reported in [6]. This configuration was comprised of

an UWB rectifying circuit with the efficiency greater than

33% for mentioned frequency range. In order to obtain light

weight rectenna system, various architectures based on paper
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substrate have been reported [7]–[11]. Recently, an efficient

flexible rectenna system reported in [11] tested for wristband

application. Most of these reported works were focused on a

single rectenna system, where receiving power was obtained

from a single direction only. In order to obtain more con-

verted power, different types of rectenna array have been

designed on a rigid substrate [12]–[15]. Moreover, while

using the array of rectenna system on rigid substrate has

a constraint of angular coverage with the compact size,

in [16]–[18] wide angular coverage is reported. The work

done in [18] is reported for an angular coverage with antenna

fabricated on flexible substrate while rectifiers are connected

via butler matrix with the receiving antenna. In addition with

array configuration, a multiband approach in order to process

signal from multiple sources simultaneously, which results

into enhancement of overall converted power has also been

proposed [5], [6], [19]–[22].

From above discussion it can be inferred that there is still

need of light-weight flexible rectenna, capable of extracting

RF energy from multiple RF sources, distributed randomly in

the space. This type of requirement is achieved here by uti-

lizing an array of four rectenna subsystems oriented towards

four orthogonal directions. Here, each rectenna is obtained by

integrating a dual-band dual-ring shaped monopole antenna

with a dual-band rectifying circuit. The stable performance

of dual-ring shaped monopole antenna for different bending

angles is also validated through both simulation andmeasure-

ment. Finally, the complete novel rectenna system is printed

on a single flexible substrate and folded to from a cylindrical

shape, which makes it more compact. The available space

inside cylindrical shaped rectenna is further utilized by incor-

porating a wide-band AMC surface in this region. This AMC

enhances the gain of each dual-ring shapedmonopole antenna

by making the antenna unidirectional in both of the operating

frequency bands. The rectenna system is novel in terms of

its specific design, where all the elements are placed in a

compact cylindrical system. The dual-band nature, flexible

substrate, light weight and integration in a single system

shows the applicability of the proposed configuration.

II. DESIGN GUIDELINES AND SYSTEM CONFIGURATION

In the proposed cylindrical rectenna system, four identical

rectenna subsystems each comprised of a dual-ring shaped

dual-band monopole antenna and a rectifying circuit are

utilized. The rectifying circuit is basically composed of a

rectifier circuit with a dual-band matching unit. The entire

structure is backed by a wide-band artificial magnetic con-

ductor (AMC) surface. The design of each element of the

proposed cylindrical rectenna system is elaborated in this

section.

A. DUAL-RING SHAPED MONOPOLE ANTENNA

The proposed dual-ring shaped monopole antenna with its

design dimensions is shown in Fig. 1(a). This antenna is basi-

cally comprised of two annular rings with the centres of Cin,

Cout and the radius of rin, rout correspondingly. These rings

FIGURE 1. (a) Topology of the dual-ring shaped dual-band antenna (rin =

12, rout = 17, S = 5, Wr = 1, Wf = 0.45, lgy = 20, lgx = 70) (b) Unit cell of
the AMC structure (lu = 29, U = 31, t = 8) all dimensions in mm.

are fed through a single microstrip line with the impedance of

50 � and backed by a partial ground plane. The perimeter of

each ring is equaled to the operating wavelength of antenna

and hence dual-ring shaped configuration is mainly respon-

sible for obtaining the dual-band performance. Therefore,

inner and outer rings of this antenna are mainly contribut-

ing two operating frequency bands individually. In order to

couple RF signals to these dual-rings of antenna using a

single microstrip line, the center of inner ring (Cin) is shifted

in the −Y direction by a distance of S from the center of

outer ring (Cout ). Therefore, this approach enable the whole

antenna to radiate via feeding through a singlemicrostrip line,

as shown in Fig. 1(a). This location of inner ring facilitates

dual-band performance with the adequate matching in both

of the operating frequency bands. The performance of this

antenna with different bending angles (30◦ to 90◦) in the

H-plane is also discussed in the later Section. It will be shown

that performance of the proposed dual-ring shaped antenna in

terms of both matching and radiation characteristics is highly

stable for a large range of bending angles, therefore suitable

to design cylindrical shaped rectenna system.

B. ARTIFICIAL MAGNETIC CONDUCTOR (AMC)

In the proposed rectenna system, the entire assembly of four

dual-ring shaped antennas along-with their corresponding

rectifying circuits are backed by a wide-band artificial mag-

netic conductor (AMC) surface. This AMC surface works as

a reflecting surface and facilitates low profile structure due

to its inherent 0◦ phase reflecting characteristics. The AMC

utilized in this configuration is basically an array of unit cells

(dimension: U × U ), where each unit cell is comprised of a

squared shapedmetallic structure (dimension: lu × lu) backed

by a ground plane, as depicted with design dimensions in

Fig. 1(b). In order to cover both operating frequency bands

of the proposed rectenna system, the bandwidth of 0◦ phase

reflection characteristics of the AMC unit cell is broadened

here by utilizing a space of t = 8 mm between the top (square

shaped metal structure) and the bottom (ground plane) layers.

This wide-band AMC can easily operate for both frequency

bands of the rectenna system. Since, the proposed rectenna

system is designed on the thin flexible substrate, both oper-

ating frequency bands of the antenna along-with rectifying
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FIGURE 2. (a) Designed AMC (b) Reflection characteristics of unit cell of
the AMC structure in terms of magnitude and phase (c) The layout of the
proposed dual-ring shaped antenna including AMC.

circuit would be inherently narrow-bands. Therefore, in lieu

of using a dual-band, a wide-band AMC surface is adopted

in the proposed configuration in order to ensure satisfactory

operation of the proposed rectenna system in both of the

operating frequency bands. Moreover, the wide-band topol-

ogy of the AMC unit cell (8 mm space between top and

bottom layers) basically utilizes the unused space inside the

cylindrical cavity, hence seems to be suitable for this specific

configuration of the rectenna system. Finally, designed AMC

would be a periodic distribution of metallic patches shown in

Fig.2(a). The reflection characteristics of the single unit cell

of this AMC in terms of magnitude and phase is depicted in

Fig. 2 (b). It is found the reflection magnitude for the incident

EM waves impinging on this unit cell is quite high in the

in-phase (−90◦ to +90◦) operating frequency band starting

from 1.75 GHz to 2.6 GHz. So, for this particular case the

bandwidth of the AMC would be 850 MHz (from 1.75 GHz

to 2.60GHz). In this frequency range, magnitude of reflection

coefficient is also quite high (around 0 dB). This band is

certainly comprised of the operating frequency bands of the

rectenna system.

The proposed topology mainly consists a 3-layered struc-

ture Fig. 2(c), where the first layer accomplished of a receiv-

ing unit, comprising a dual ring monopole antenna and the

rectifier circuit backed by a metallic ground plane. This layer

is designed and afterwards fabricated on a Polyimide based

flexible substrate. The second layer consist of metallic patch

structure with periodically spaced patches printed over the

same Polyimide based flexible substrate. The second layer

is to be placed after a 6 mm of airgap from the first layer, this

gap was optimized for the best performance of the rectenna.

The last or third layer of the structure is the metallic ground

FIGURE 3. The schematic of the proposed rectifying circuit, in this
schematic the matching unit consists of radial stub (R1 = 4.3, θ1 = 110)
and an open stub (l1 = 12.2, w1 = 0.61, capacitors C1 = C2 = 47 pF.

plane which is separated by an air gap from second layer.

The combination of the second layer and third layer is basi-

cally known as an Artificial Magnetic Conductor (AMC)

structure. Here, air gap (8 mm) between the second layer

and the third layer is optimized in order to obtain wider

bandwidth of the AMC structure. This three-layer structure

(shown in figure Fig. 2(c) corresponds to a single rectenna

configuration. Finally, the designed rectenna topology is

obtained here by utilizing four same kind of aforementioned

rectenna structure and then folded it to from a cylindrical

body.

C. DUAL-BAND RECTIFYING CIRCUIT

This sub-section mainly focus on detailed design of the recti-

fying circuit used for proposed rectenna system. The rectify-

ing circuit is most important section of any rectenna system.

The RF to dc conversion efficiency of any rectifying circuit is

the function of operating frequency, input RF power, substrate

material, output dc load and diode. The rectifying circuit

designed for this work consists of a dual band matching unit,

a rectifier unit and load resistor. The rectifier mainly accom-

modate commercially available schottky diodes (SMS-7630,

with a very low value of forward voltage Vf = 60 to 120),

and lumped capacitors. The main aim of the proposed circuit

is to optimize efficiency for the low input RF power value

(around −20 dBm), so this particular diode is chosen here

for this work. The components used here in order to get dual

band are mainly radial and open stubs, other micro-striplines

are connecting lines as depicted in Fig. 3. The values of the

length, width, radius and angle of the open and radial stubs

are shown in the caption of Fig. 3. The presented circuit in

this figure is firstly optimized and designed usingADS circuit

simulator software.

III. RESULTS AND DISCUSSION

The results of the proposed configuration is illustrated in this

section.

A. DUAL-RING SHAPED MONOPOLE ANTENNA WITH

AMC SURFACE

The dual-ring shaped monopole antenna is basically com-

prised of two circular rings each is responsible for different

frequency bands. The location of inner ring plays a vital role
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FIGURE 4. Parametric analysis of the designed antenna (a) Matching
characteristics of the dual-ring shaped dual-band antenna for different
locations (S) of the inner ring (b) matching characteristics of the dual-ring
shaped dual-band antenna for different bending angles (φH ) in the
H-Plane.

FIGURE 5. Simulated radiation characteristics of the dual-ring shaped
dual-band antenna for different bending angles (φH ) in the H-Plane.

to achieve the adequate matching in both of the operating

frequencies. In order to verify this concept, matching char-

acteristics of this antenna for different location (S) of inner

ring is depicted in Fig. 4 (a). From this figure it can easily

be observed that for the extreme locations (S = −5 mm and

S = +5 mm) of the inner ring, dual-band performance is

obtained. Whereas for other locations (−5 < S < +5), due

to the week coupling between microstrip feed line and the

inner ring, only single lower frequency band corresponding

to the outer ring is obtained. Since, the best matching per-

formance in both of the operating bands is obtained for the

inner ring location of S = −5 mm, hence utilized in this

configuration.

The analysis is further carried out to show the robustness of

the proposedmonopole antennawith different bending angles

in the H-plane. The matching characteristics and normalized

radiation pattern (co-polar radiation patterns in the both H

and E-planes) of this antenna for different bending angles

(φH = 30◦ to φH = 90◦ ) are shown in Fig. 4 (b) and Fig. 5,

respectively. It is interesting to find that performance of the

proposed antenna is highly stable for a large range of bending

angles. It is to bementioned here that the cross-polar radiation

component remains in the tolerable limit for all the bending

angles of the antenna, however does not depicted here for

brevity. Since, the main objective in the designing of the

proposed rectenna system is to bend the monopole antenna

in its H-plane only, hence the bending effect of this antenna

is analyzed in the same H-plane only. Moreover, radiation

patterns in both of the frequency bands are found to be

stable for different bending angles of antenna in the H-plane,

FIGURE 6. Measured radiation patterns of the dual-ring shaped
dual-band antenna at the centers (fL = 1.8 GHz and fH = 2.45 GHz) of
both of the operating frequency bands.

FIGURE 7. Simulated radiation characteristics of the dual-ring shaped
dual-band antenna when backed with AMC.

for brevity these patterns are depicted at a single frequency

(fH = 2.45 GHz) only. The measured radiation patterns of

the stand-along dual-ring shaped monopole antenna without

bending at both the lower (fL) and the upper (fH ) frequency

bands are depicted in Fig. 6. After designing and testing of

dual-ring dual band antenna, it is backed with the AMC. For

the verification of the concept that theAMCmakes the pattern

to be an unidirectional, the simulated and measured radiation

characteristics are plotted in Fig. 7 and Fig. 8, respectively.

It can be observed from these figures that themeasured results

are in good agreement with simulation results. It is to be

noted that in the real fabricated rectenna system, this antenna

makes an angle of φH = 55◦ from the centre of the cylindrical

rectenna system. Therefore, for ensuring the performance of

the antenna for this particular bending angle in the H-plane,

the measured radiation patterns of the antenna with bending

angle of φH = 55◦ at both of the operating frequencies is

shown in Fig. 9.

A 3D radiation patterns of the proposed configuration at

the two operating frequencies (Fig. 10(a) at 2.45 GHz and

Fig. 10 (b) at 1.8 GHz) are shown. These patterns are obtained

by exciting each antenna individually. It is to be mentioned

that for better visibility, 3D patterns are shown while exciting

three antennas one after another only (since fourth antenna

is at the back side of figure so the corresponding radiation

pattern is less visible and hence not included here for brevity).

These patterns justify performance of the overall structure by

covering the entire azimuth plane. Here, all four antennas

are radiating in the broadside direction which assures the
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FIGURE 8. Measured radiation characteristics of the dual-ring shaped
dual-band antenna when backed with AMC.

FIGURE 9. Measured radiation patterns of the dual-ring shaped
dual-band antenna with bending in the H-plane (φH = 55◦) at the centers
(fL = 1.8 GHz and fH = 2.45 GHz) of both of the operating frequency
bands.

full azimuth plane coverage by the array while exciting them

simultaneously.

B. MAJOR RESULTS OF RECTIFYING CIRCUIT

The selection of the optimized load value for a multiband

rectifier circuit is quite complicated process. So, in this work

the source pull technique of the ADS software is adopted in

order to simplify thewhole process. Firstly, for both operating

frequencies, the load value of 2.5 k� is selected. After-

wards, while considering this already known value of the

load, the matching unit is designed. For getting the matching

characteristics of the proposed rectifying circuit, the Large

Signal S-parameter (LSSP) method of ADS software is opted

here. On the other hand for the measurement the fabricated

structure is connected to the VNA via a SMA connecter.

The recorded values of the reflection coefficients are plotted,

as shown in Fig. 11 (a) at various input RF power levels. It can

be observed from this figure that the two bands at around

1.8 GHz and another at 2.45 GHz are obtained here. The

simulated and measurement results are well matched with

each other, however the minor disagreement may be due to

the soldering of the lumped components. In this work as the

substrate is very thin these effects would be dominated at

some temperature conditions.

After, obtaining the operating frequency points and the

load resistance value, efficiency of the rectifying circuit

would be calculated by measuring the output dc voltage at

the load resistor. Firstly, the simulated output dc voltage at

2.5 k� is obtained later on the efficiency at the corresponding

FIGURE 10. 3D radiation patterns of the proposed configuration at
(a) 2.45 GHz (b) 1.8 GHz.

FIGURE 11. Simulated and measured results of the rectifying circuit
(a) The S11 of the proposed rectifying circuit, the simulated and
measured RF to dc conversion efficiency of the rectifying circuit (b) for
individual frequency (c) for dual tone method.

frequency points is calculated using the formula given in

Eq. (1), where PDC is the calculated DC power at the opti-

mized load value and PIN is the RF power available at the

input of the rectifying circuit.

Efficiency (%) =
PDC

PIN
× 100 (1)

For the measurement, the input RF power is fed using a

signal generator which is connected to the rectifying circuit

via a SMA connector and a coaxial cable. The efficiency

is calculated and also plotted as a function of input power,

as shown in Fig. 11 (b). A maximum simulated and mea-

sured efficiency of 69% and 68% are achieved for an input

RF power value of −2 dBm and 0 dBm, respectively at

1.8 GHz of operating frequency. It can be noted from this

figure that for 2.45 GHz, the simulated and measured value

of efficiencies are 67% and 64% are obtained, respectively.
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FIGURE 12. Fabricated structures (a) representing antenna and rectifying
circuit with SMT components (b) flexible rectenna structure.

The proposed rectifying circuit is designed mainly for the

low RF power values, where better efficiency is obtained.

At very low RF power such as −20 dBm the simulated

and measured efficiency for 1.8 GHz and 2.45 GHz of

frequency are 26% and 17% are achieved, respectively.

This assures that the circuit is well suitable for the

low power application. Around, 0 dBm input RF power

value, the RF to dc conversion efficiency starts decreas-

ing slowly, which may happen due to the saturation

point of the output dc voltage reached. This usually hap-

pens, when the break down voltage of the used diode is

approached.

Afterwards, for verification of the proposed circuit towards

the ability to multiple signal receiving efficiency the two tone

efficiency is calculated, represented in Fig. 11(c). For this

firstly the simulation results are obtained by considering two

tone (at 1.8 and 2.45 GHz) RF power source at the input port

of the dual band rectifier circuit. from here the converted dc

voltage is recorded and then RF to dc conversion efficiency

is calculated. Afterwards, to obtain measured data from the

fabricated circuit two signal generators via a power combiner

fed to the input port of the rectifier circuit and then RF to

dc conversion efficiency is calculated from the obtained dc

voltage across a 2.5 k� load value. The RF to dc conversion

efficiency obtained for dual tone signals assures that the

designed rectifier canwork efficiently formultiple signals at a

time. The conversion efficiency in this case is low as compare

to the single tone operation due to high received power.

IV. RECTENNA SYSTEM

Fig. 12 (a) illustrates the finally designed fabricated rectenna

sub-system, which is a combination of the receiving dual-

ring shaped monopole antenna and the rectifying circuit. The

antenna and the rectifying circuit are both integrated over the

same substrate, in order to make the system more reliable.

The designed rectenna unit is very flexible which can be

easily predicted from Fig. 12 (b). The measured efficiency

of the single rectenna unit is shown in Fig. 13. For getting

the integrated system of four identical rectenna units the dc

combining approach [23] is adopted here, as shown in Fig. 14.

The concept of parallel additive method is used in order to

obtain high converted power. In the proposed method the

optimized load value is calculated from the load value of

the single rectifying circuit, Eq. 2. Here, N would be taken

TABLE 1. Measured values of output DC voltages for line of sight
transmitting antennas at 1.8 GHz and 2.45 GHz.

TABLE 2. Measured values of output DC voltage for orthogonally
oriented transmitting antennas at 1.8 GHz 2.45 GHz.

as 4, thus the calculated load for overall architecture would

be as 0.625 k�. In this adopted parallel topology the obtained

voltage from each branch would be nearly equal while the

current adds up at the load, resulting in to enhancement in the

converted power.

Load = (Rload )/N (2)

In order to obtain this efficiency, the transmitting horn

antenna is fed using signal generator via a coaxial cable. The

received power by the receiving antenna is measured using

a spectrum analyzer. In this setup, we have fixed the power

of signal generator at some RF power value and the distance

between transmitter antenna and the receiver antenna is to be

varied from 100 cm to 20 cm. At every distance point the

received power using spectrum analyzer has been measured

at both the operating frequencies. This approach, facilitates

the wide area coverage to antenna as the beam width of the

antenna would not be affected. The inner most layer of this

cylindrical system is actually the ground layer of the AMC,

afterwards the AMC at 8 mm air gap has been placed. After-

wards, the array of four rectennas has been placed followed by

the ground of rectenna at the 6 mm distance from the AMC.

(single unit is depicted in Fig. 2 (c)). Now, the fabricated

prototype of the rectenna array is represented in Fig. 15 (a),

this is a finally designed cylindrical system. For making the

compact rectenna array, it has been bend at the already tested

angle. The output of each rectenna unit is connected to the

adjacent rectenna unit, which is finally feed to the dc output

load of 0.625 k�. Further, the dc lines are designed here to be
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TABLE 3. Comparison of the proposed work with other related designs.

FIGURE 13. Measured efficiency of the single unit rectenna.

FIGURE 14. Description of the proposed rectenna architecture.

very thin using wires for connecting four rectenna units are

to yield minimal inductance to the load.

Afterwards, the measurement of the designed rectenna

array system is carried out, which represented in Fig. 15.

Now, to justify the design phenomenon of the proposed

structure we have used two setups in which RF signal can

be received from two different directions. In first setup, the

transmitting antennas are kept at 90◦ to each other as shown

in Fig. 15 (b). In second setup the two transmitting antennas

are placed at the line of sight to each other or at 180◦ to

each other as depicted in Fig. 15 (c). For both setups, the

output dc voltages (V in mV) are measured using multime-

FIGURE 15. Description of the overall structure and measurement setup
(a) closed view of cylindrical rectenna. Measurement setup for the
fabricated rectenna array (b) both transmitting antennas are at 90◦ to
each other (c) once the transmitting Horn antenna and fabricated
monopole antenna are in line of sight.

ter at the optimized load resistance by varying the power

(P in dBm) from signal generators for two different distance

(20 cm and 40 cm) between the transmitter and the receiver,

which are represented in Tables 1 and 2. It can be noted

from these tables that in both conditions quit good amount

of power is converted into DC by the designed configuration.

Which assures the power transmission and conversion of the

proposed topology from the multiple directions.

In order to compare the proposed work with previously

reported works, we have gone through similar kind of work

based on non-flexible and flexible substrate. The comparison

is listed in Table 3. From this comparison, we can easily

conclude that the efficiency obtained using proposed rectenna

system is quite good at the lower power region. In addition

to this, the proposed system is dual band which can extract

power from the two RF sources operating at two different

frequencies. Moreover, our proposed rectenna system is quite

compact and light weight as it is designed over a flexible

substrate, which can be easily implemented in anymicrowave

power transfer system. The work carried out in all these

research papers is undoubtedly very good. However, the work
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proposed in our manuscript is also novel in many aspects,

especially in terms of application. In this work, our aim is

to report the architecture which could be implemented in the

low power devices. In order to fulfil this requirement, we have

designed a very lightweight (38.18 gm) compact structure,

which can receive signals from all directions existing in the

azimuth plane. The weight of a single rectenna unit used in

our configuration is only 9.5 gm. Some of the references in

the table also receives signal from large angular direction

and researchers have provided the deep knowledge with a

very novel design, however, the structures are made on rigid

substrate with a single frequency response, which differ-

entiate our proposed work from these reported works. The

references [10] and [21] has reported very novel efficient

dual band structure however, in [21] the designed structure

is not on a flexible substrate and can receive signal mainly

from two opposite directions (due to the monopolar pattern).

All these aforementioned differences make our design new

as per our knowledge and quite efficient with compact and

lightweight design. In addition, with this, our design can

efficiently receive signal from multiple directions for two

popular frequency sources.

V. CONCLUSION

In this paper, a cylindrical shaped dual-band rectenna system

capable of extracting RF energy from a number of RF sources

available in the wide coverage area has been presented. The

proposed configuration is an array of four identical dual-band

rectenna units printed on the lightweight flexible substrate.

The rectenna system is basically oriented towards the entire

azimuth plane by keeping four rectenna subsystems each with

90◦ steps. Here, each rectenna subsystem comprises of a

dual-ring shaped dual band monopole antenna and the dual

band rectifying circuit. The robustness of this antenna in the

proposed cylindrical system was also verified by testing it for

different bending angles in the H-plane. Further, for extract-

ing maximum RF signals in the entire azimuth plane, these

four identical antennas were backed by a wide-band artificial

magnetic conductor (AMC) placing in the inner region of the

cylinder. A single rectifying circuit of the proposed system

was obtained here by combining a matching unit and a rec-

tifier circuit. Finally, the overall rectenna system has been

fabricated and validated through measurements using two

different test antennas as a RF sources in the real environment

of lab. The proposed light weight integrated rectenna system

printed on a flexible substrate can extract RF signals from a

number of randomly distributed RF sources simultaneously,

while maintaining the overall compact configuration.
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