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Printed Fractal Folded Coplanar-Strips-Fed Array Rectenna
for IoE Applications
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Abstract—This paper presents a low-cost antenna integrable to a large set of indoor common building
materials. Employing the printing technology on thin transparent polyethylene terephthalate material
and using available building materials not only leads to a low-cost environmentally friendly solution for
the expected massive sensor deployment but also eliminates the dispersive behavior of the materials
that are interacting with them. A coplanar-strips fed fractal folded antenna element was designed and
validated experimentally with four different materials including gypsum, plywood, and plexiglass. The
aesthetically viable ground-free antenna achieves wideband performance and radiates in the broadside
plane perpendicularly to the wall. The single antenna element covers the frequency band of 2.18–
3.96GHz with a gain of 1 dBi at 2.4GHz. To take advantage of the large available surface, a high
efficiency 2.4GHz array rectenna for powering electronic devices intended for IoE technology is proposed.
The proposed array rectenna has a dimension of 384× 354× 6.475mm3 and employs a single diode as
the rectifier element. The measured results for the presented array rectenna reveal an AC-DC power-
conversion-efficiency (PCE) of more than 20% for input powers as low as 0.025µW/cm2 with a peak
PCE of 61.3% at 4.03µW/cm2.

1. INTRODUCTION

The emergence of the internet of everything (IoE) as an evolution of the internet of things (IoT) promises
the concept of smart management of the environment at homes, factories, and cities. The IoE provides
the connection of people, sensors, and machines to the Internet, and so they can be considered as parts of
the information network [1–5]. The implementation of the IoE requires extensive installation of sensors
in the buildings to detect variations of the environment in terms of moisture, temperature, etc. [1–3].
Due to their number and proximity, the sensors should be small, affordable, and energy-efficient [5].
Due to the advancements in low-power consuming semiconductor technologies, batteries can be used to
power the IoE sensors; however, replacing or replenishing of such huge number of batteries will not only
be time-consuming and laborious, but also produce a huge disposal. Moreover, in many instances the
sensors may be installed at a unreachable location, for example inside the building’s ceilings or walls,
which makes their maintenance harder. Harvesting the unused renewable energy sources in nature and
human environments such as mechanical, acoustic, electromagnetic, and thermal energies is one of the
most promising solutions for massive deployment of the IoE technology [6, 7]. Among these solutions,
the wireless electromagnetic power transfer and harvesting has attracted tremendous attention, recently.
Rectennas capable of converting the radio frequency (RF) energy to direct current (DC) energy are the
main role-playing device in any RF wireless power transfer system. Therefore, recently several designs
of rectennas have been proposed in the literature [8–11].
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In the case of harvesting and wireless transmission of the electromagnetic energy, the larger and
more visible part of the sensors is the antenna. The integration of those sensors goes through the
integration of the antennas which is more visible part into the environment. The expected massive
deployment also adds a strict constraint on the cost and aesthetics issues as well.

In the indoor environment, as illustrated in Fig. 1, the building materials constitute large available
surfaces. Other than the metallic one, wood, drywall, and glass are abundant engineering materials with
lower costs than the commercial substrates. The integration of the antenna/sensor to those materials
will be an asset for the IoE deployment. In [7], a hybrid frequency selective surface (FSS) based rectenna
is proposed which can be embedded inside the building’s wall to harvest the 2.4GHz (WLAN) band
coverage while being transparent at the 900MHz cellular band to allow cellphones coverage. However,
designing and implementing the antenna/rectennas directly on the existing materials in the building
as the main substrate for the antenna and rectifier circuit not only allows large-scale and low-cost
implementation of the IoE sensors but also eliminates part of the undesired effect of the environment
on the performance of the wireless communication system as well for radiofrequency energy harvesting
(RFEH) applications. The signal distortion, caused by the dispersion of the complex permittivity,
deteriorates the performance of the rectennas. This is more critical for devices that are printed on a
thin substrate and do not have a ground plane on the other side. After installation on the wall, the
performance of the antenna is mostly dominated by the complex permittivity of the wall material which
affects the frequency response severely [12–17].

Figure 1. Smart building concept.

In this paper, a printed fractal coplanar-strips-fed array rectenna is presented. The proposed
antenna uses a stacked polyethylene terephthalate (PET) sheet and drywall (composed of gypsum
material) as the substrate material. Since the drywall is the most commonly available material in any
building structure, this merit enables the proposed antenna to be directly employed at any position of
the indoor space, while eliminating the concerns about the installation problems which are mostly due
to the dispersive behavior of the materials. The performance of the antenna element integrated into
the different building materials has been studied. As an application example, a rectenna consisting of a
flexible transparent array antenna and rectifying circuit printed with the same process and integrated
on gypsum drywall is implemented. The simulated and measured results demonstrate that the proposed
rectenna can be a potential candidate for powering indoor distributed sensors and IoE devices.
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2. ANTENNA DESIGN, FABRICATION AND EXPERIMENTAL VALIDATION

Among the antennas built on a substrate other than the common commercial dielectrics, the textile-
based ones have received the greatest attention [18]. Some researchers use the wood-based as well
as bio-composite substrates to create new green technology compatible printed circuit board (PCB)
components and antennas [19]. In [20], ultra-high-frequency (UHF) radio frequency identification
(RFID) tag antennas manufactured by brush-painting directly on a wood veneer substrate were
examined. Some designs also proposed the use of plexiglass and glass as well to take advantage of
their transparency [21, 22].

In this section, a fractal folded antenna element design is studied to cover a set of indoor engineering
materials but principally the gypsum drywall. A printing technique compatible with mass production is
used to estimate the possibility to cover large surfaces in the future with a low-cost process. The design
procedure, experimental validation, and fabrication constraints will be detailed in the next subsections.

2.1. Common Dielectric Materials Used in Buildings

The wide variety of building materials makes it very difficult to accurately predict attenuation without
the support of specific building data or measurements. The drywalls are large and rigid sheets that
are fastened directly to the frame of the building with nails, screws, or adhesives, and are mounted on
furring. The common materials used in drywall are gypsum boards, plywood, fiber-and-pulp boards,
and asbestos-cement boards.

A review of the dielectric and magnetic properties measurements method for lossy materials
including building materials is presented in [13]. The dielectric properties of typical building materials
have been estimated from transmission and reflection measurements at 41.5GHz and 5.8GHz bands
in [14], and at 5.8GHz and 62.4GHz in [15]. The permittivity measurement of concrete consisting
of aggregates of up to 30mm in the frequency range of 50MHz–1GHz is estimated with a new
dielectric measurement method in [16], and a new planar microwave sensor composed of a log-periodic
antenna was developed to characterize the relative permittivity of concrete blocks in [17]. An extensive
ultra-wideband measurement of the complex permittivity for the common building materials has
been performed in [12]. Table 1 lists some of the obtained results at 2.4GHz. According to these
results, gypsum material has a dielectric constant of εrgypsum = 2.7 and a dielectric loss tangent of
tan δgypsum = 0.05. The relatively low loss performance of the gypsum enables it to be used directly as
the substrate.

Table 1. Common dielectric materials used in buildings, (Values are for 2.4GHz).

Substrate Dielectric constant (εr) Dielectric loss (tan) Thickness (mm)

Gypsumplaster

(drywall)
2.7 0.01 6.35

Glass 6.4 0.01 5

Plexiglass 3.2 0.001 5.5

Red brick 3.2 0.01 6.5

Concrete 4 0.02 6

Plywood 2.5 0.11 6

In the current research, in order to obtain the electromagnetic characteristic parameters of the
utilized drywall under realistic building conditions including room temperature and humidity, practical
measurements were performed in the lab. Coaxial probe method was performed using Keysight 85070B
high temperature dielectric probe kit, Keysight N5247B PNA-X, and Keysight N1500A materials
measurement suite software. The under-test drywall sample has a thickness of 6.35mm. Several
measurements were performed at multiple random points on the substrate and then averaged to increase
the measurement accuracy. The obtained results for the dielectric constant over the frequency are
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Figure 2. Measured dielectric constant of the gypsum sample.

depicted in Fig. 2. According to these results, the corresponding dielectric constant of the drywall is
εr = 2.66 at 2.4GHz. This value was used during the simulation studies to ensure their validity.

2.2. Printing Technique and Materials

Printed electronics can be employed to develop RF circuits on almost any material such as textiles,
paper, wood, glass, metal, ceramic, and plastic. This method is more environmentally friendly in
comparison with the methods which require chemical etching such as conventional PCB technology.
Moreover, the printed circuits possess the potential to provide biodegradable and recyclable solutions
to minimize the electronic waste caused by the increasing number of disposed electronic devices. For
this work, the screen-printing technique is used. The screen-printing technique is a simple and low-cost
method that is suitable for large-size antennas and massive industrial production. Its operation is quite
straightforward. A flood blade moves along the screen and fills the open mesh areas with the conductive
ink. Then by moving a squeegee in the reverse direction of the flood blade, the trapped ink in the mesh
aperture is transferred to the substrate surface which is placed beneath it. Fig. 3 shows the EKRA
X1-SL Semi-Automatic Screen Printer which has a repetition accuracy of 15µm depending on screens
selection. The employed screen has a mesh count of 92 fibers/cm.

Figure 3. Semi-automatic screen printer EKRA X1 SL.

A thin PET sheet with a thickness of hPET = 125µm, a dielectric constant of εrPET = 3, and a
dielectric loss tangent of tan δPET = 0.001 is placed under the screen as the primary substrate on which
the conductive sections are printed [23]. The thickness of the used PET is negligible in comparison to
the drywall material. Transparency is desirable as it facilitates the attachment to different substrates.
Transparency enables large-scale array rectennas to integrate better into urban environments while
preventing the shadowing of the sun.
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The HPS-021LV water-based silver flake ink from Novacentrix company [24] with a conductivity of
σ = 8× 104Ω/m, calculated from previous tests using flat-bed screen printing, is selected for this work,
as it allows low-cost massive implementation of the IoE technology. After printing, the sintering process
is necessary to ensure suitable conductivity of the printed sections. The curing temperature depends on
the temperature tolerance of the substrate. Lower curing temperature leads to the remaining large gaps
between the ink particles. Increasing the temperature ensures the removal of residual solvent and the
conductive particles pack together and gaps start to vanish, which provides a continuous smoothness
of the conductor, and thereby an efficient percolation channel is created for the electrons to flow along.
The employed PET substrate for this work has a heat shrinkage of less than 1%, and the print is cured
in the oven for 20 minutes at 90◦C.

The surface resistance (Rs) per unit length of the printed product is severely affected by the
roughness of the conductive section. This can be described by [25]:
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where c is the correction factor; R is the initial value for surface resistivity; f is the frequency; µr ≈ 1
is the relative permeability of the conductor; µ = 4× π × 10−7 is the vacuum permeability; Sa is mean
surface roughness; σ is the conductivity of the ink; and δ is the skin-depth. The resistive loss increases
drastically when the surface roughness is comparable to the skin depth of the electromagnetic wave at

Figure 4. Colored optical image of 2D surface roughness graph and extracted data.
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the operating frequency. In this work, the roughness of the cured silver pattern is determined by taking
its height profile using the Bruker Contour GT-K 3D optical microscope [26]. The optical image with
the extracted results for the roughness is depicted in Fig. 4. The cured print possesses a mean surface
roughness of Sa = 4.22µm.

The resulting dried silver film thickness was measured using TMI Digital Micrometer Model 49-
86 [27], and is t = 24±2µm over the realized prototype. The sheet resistance of the printed product was
measured using the Signatone four-point probe [28], and is Rs = 0.052 ohm/sq. The relation between
the sheet resistance of the printed conductive ink and its thickness can be expressed as:

Rs =
R

t
(2)

Thereby, dried silver film track skin depth is calculated to be δ = 11.49µm at 2.4GHz. Satisfying
Sa < δ < t guarantees low loss performance of the printed prototype.

In order to attach the lumped element components of the rectenna to the printed structure, Sun
Chemical AST6320 silver ink is used which is supplied as ready-to-use ink. It can be applied at the
room temperature. Drying time may range from 1–30 minutes.

2.3. Single Antenna Element

The proposed single antenna element is composed of a fractal-shaped folded radiating element that is
connected to a coplanar-strips (CPS) feedline for signal transmission as shown in Fig. 5. This type of
line allows the design of a structure without ground. It aspires to achieve wide bandwidth and cover
the usage of different substrate materials. Initially, the printed structure is stacked on a second thicker
gypsum substrate with a thickness of hgyp = 6.35mm, and thereby the proposed antenna is formed.

(a) (b)

Figure 5. Designed fractal CPS-fed folded antenna: (a) structure, and (b) printed conductive section.

CPS is basically similar to coplanar waveguide (CPW), and is a transmission line that has a
structure complementary to that of CPW. Inherently, the CPS is a balanced line type that transmits
signals through two lines, and its basic purpose and characteristics are the same as those of the CPW.
The main difference from the CPW is the fact that its characteristic impedance is several times larger
for a structure with a similar size and requires the use of a lower quantity of conductor material. CPS
feeding is adopted to reduce the risk of ink permeation as it requires no ground plane. It is important
to mention that the characteristics of the CPS remain constant when the thickness of the substrate is
greater than or comparable to the dimensions of the transmission line section [29].

Ansys HFSS software was used to design and simulate the antenna element. The final values for
the antenna design parameters are listed in Table 2. The fractal geometry for the radiating section
is chosen to increase the frequency bandwidth of operation. Fig. 6 shows various structures which
were investigated during simulation studies in terms of matching and gain, and their performances are
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Table 2. Design parameters values of the antenna element.

Param Value (mm) Param Value (mm)

Lsub 100 L2 26

Wsub 100 L3 19.9

Lf 20.44 W1 1.14

Wf 3 W2 1.46

Gf 0.5 W3 1

L1 34 Hsub 6.475

(a) (b) (c)

Figure 6. Various studied fractal steps: (a) single ring fractal folded antenna, (b) dual ring fractal
folded antenna, and (c) triple ring fractal folded antenna.

(a) (b)

Figure 7. Simulated results of the antenna element for various fractal steps: (a) reflection coefficient,
and (b) gain.

compared in Fig. 7. According to this figure, the covered frequency band increases as the number of the
employed fractal rings in the antenna structure increases, and the radiation bandwidth of the proposed
antenna covers the frequency band of 2.1–3.8GHz with a fractional bandwidth of 57%. Moreover,
the measured maximum gain results reveal that the proposed antenna element provides a gain level of
1.3 dBi at 2.4GHz. The simulated results for the proposed antenna structure reveal an input impedance
of 120Ω.
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(a) (b) (c)

Figure 8. Simulated surface current distribution on the antenna at: (a) 2.4GHz, (b) 3GHz, and (c)
3.6GHz.

(a) (b)

Figure 9. Measured and simulated reflection coefficient of the fabricated antenna elements with
fabricated prototypes: (a) gypsum with thickness of 6.35mm (left side picture), and with thickness
of 9.52mm (right side picture), and (b) plywood with thickness of 6.35mm (bottom picture), and
Plexiglass with thickness of 6.35mm (top picture).

In order to provide a better insight about the wideband performance of the designed antenna, the
surface current distribution on the antenna structure at various frequencies is depicted in Fig. 8. As can
be observed in this figure, at lower frequencies the currents are more dominant on the longer paths of the
fractal shaped radiator and contribute to the radiation, and as the frequency increases the currents on
shorter paths become more dominant and contribute to the radiation. Thereby, a wideband operation
is achieved.

Keeping all the designed antenna parameters fixed, the effect of changing the height of the secondary
gypsum substrate was investigated. Fig. 9(a) shows the realized antenna elements on gypsum substrates
with thicknesses of 6.35 and 9.52mm, and their simulated and measured reflection coefficient results
are compared. According to these results, a fine agreement exists between the simulated and measured
results. The antenna realized on the thinner substrate covers the frequency band of 2.18–3.97GHz,
while the antenna realized on the thicker substrate covers the frequency band of 2.14–4.1GHz.

The performance of the same printed structure when it is stacked on other building materials as
the secondary substrate was also investigated. Fig. 9(b) shows the realized antennas on plywood and
plexiglass and their simulated and measured reflection coefficient characteristics. According to these
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(a)

(b)

(c)

(d)

Figure 10. Simulated and measured radiation patterns of the antenna elements: (a) gypsum with
6.35mm height, (b) gypsum with 9.35mm height, (c) plywood with 6.35mm height, and (d) Plexiglass
with 6.35mm height.
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results, the fabricated antenna on the plywood covers the frequency band of 1.17–4.13GHz, while the
fabricated antenna on plexiglass covers the frequency band of 2.1–3.15GHz. A good agreement exists
between simulated and measured results, and the resultant antennas can cover ISM band frequencies
around 2.4GHz. This is mainly because according to Table 1 the dielectric constants of plexiglass and
plywood materials are close to the dielectric constant of gypsum. So, the same printed structure can
be stacked on the various building materials for our intended applications.

The radiation patterns of simulated and measured co-polarization and cross-polarization
components for the designed antennas, implemented on various previously mentioned substrates, are
plotted in Fig. 10. These results reveal that all of the fabricated antenna elements radiate effectively and
have an almost omnidirectional pattern on the H-plane with a very low cross-polarization level. The
measured and simulated gain characteristics for the antenna implemented on a 6.35mm thick gypsum
substrate are depicted in Fig. 11. This antenna possesses a gain of 1 dBi at 2.4GHz.

Figure 11. Measured and simulated gain at the direction of the maximum radiation for the single
antenna element fabricated on gypsum with a thickness of 6.35mm.

2.4. Array Antenna

In order to arrange an array antenna on a gypsum substrate with a thickness of 6.35mm and based on
the designed fractal antenna element, a CPS line feed network was designed. In the design of the feed
network, two major goals were pursued simultaneously. The first goal was to achieve an array antenna
with high aperture efficiency, and the second goal was to minimize the feed-network path loss to avoid
losing signal strength while passing through the feed-network toward the rectifier circuit. Fig. 12 depicts
the structure of the designed array antenna, and the values for its design parameters are listed in Table 3.

In order to have the received signals by all elements in phase, extended paths were used to
connect half of the elements to the feed-network (Y1 ≈ Lf + λ/2). According to Goverdhanam et

Table 3. Design parameters values of the array antenna.

Param Value (mm) Param Value (mm)

X1 35 X2 2

X3 79.7 X4 2.5

Y1 58.6 Y2 2.8

Y3 157.5 Y4 2

Y5 62 G1 1.1

G2 1.7 G3 1

G4 2 LF 16
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Figure 12. Designed fractal CPS-fed array antenna.

al., compensation of the CPS bend to improve the insertion loss is not required [30]. The number of
employed elements was selected by compromising between the insertion loss and achieved gain level.
The path loss is mainly affected by the T-junctions. As illustrated in Fig. 12, the feed-network is
composed of multiple symmetrically located T-junctions that distribute the signal evenly between the
antenna elements. The elements are aligned at a distance of 0.75λ from each other (center to center).

According to simulation results having three sets of symmetrical T-junctions for connecting eight
antenna elements imposes 2.1 dB insertion loss to the system. Two prototypes, four elements array,
and eight-elements array antennas, without the rectifier section, were fabricated, and their frequency
bandwidth characteristics were measured. Fig. 13(a) compares the simulated and measured reflection
coefficients for the eight-elements array antenna. According to these results the fabricated eight-elements
array antenna is capable of covering the frequency band of 2–2.9GHz. Same results for the fabricated
four-elements array antenna in Fig. 13(b) show that it covers the frequency band of 1.993.43GHz.

(a) (b)

Figure 13. Simulated and measured reflection coefficient of: (a) the eight-elements array antenna, and
(b) the four-elements array antenna.
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Figure 14. Fabricated four-elements antenna array installed in the anechoic chamber.

Figure 15. Simulated and measured radiation patterns of the four-elements array antenna.

Due to the restriction on the size of the utilized near-field measurement system, the radiation
pattern and gain characteristic of the fabricated eight-elements array could not be measured. Fig. 14
shows the four-elements array placed in an anechoic chamber, and its measured and simulated radiation
patterns are compared in Fig. 15. The measured and simulated gain characteristics for this array along
with the simulated gain characteristic of the eight-elements array are plotted in Fig. 16. Good agreement
exists between the simulated and measured gains for the four-elements array, and the measured gain
is 5.5 dBi at 2.4GHz. Thereby, it can be expected that the fabricated eight-elements array possesses
a gain level close to its simulation prediction which is 9.96 dBi at 2.4GHz. Based on the mentioned
results, the number of the employed elements was selected to be eight, and the designed array antenna
has an input impedance of 172Ω.

3. DRY WALL RECTENNA FOR RF POWER HARVESTING

Replacing or replenishing the huge number of batteries associated with the sensors will not only be
time-consuming and laborious but also produce huge disposal [4]. Moreover, in several scenarios, the
sensors may be installed at a non-reachable location, for example inside the building’s ceilings or walls,
which makes their maintenance harder. Using rectifying antennas (rectennas) for harvesting the ambient
radio-frequency (RF) energy can be a possible solution to overcome this challenge [4, 31]. On the other
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Figure 16. Measured and simulated gain at the direction of the maximum radiation for four-elements
antenna array on gypsum with a thickness of 6.35mm.

hand, several surveys have shown that the major restriction for RFEH systems is the extremely low
power density of the ambient RF signals [4]. The proposed technique can be used as an antenna/antenna
array associated with sensors as well for power transfer or harvesting of the RF energy. In fact, the
use of large surfaces allows the harvesting of more energy. Additionally, for the same power density in
space, the high-gain rectennas are more efficient in capturing the energy and delivering it to the rectifier
diode than the omnidirectional rectennas with lower gain levels.

The zoomed-in view of the designed rectifier section is depicted in Fig. 17 with the block diagram.
The rectifier utilizes a single zero-bias diode (SMS7630 Schottky barrier diode) topology, which is
adapted for a low received power application [31]. The spice model of the diode and harmonic balance
simulation engine was used in Keysight Advanced Design Software for the design. The diode has a
series resistance RS = 20Ω, zero-bias junction capacitance Cj0 = 0.14 pF, built-in-turn-on voltage
Vbi = 0.34V, and a breakdown voltage VB = 2V. The balanced nature of the CPS line allows to place
the diode and load resistor RL = 2.5 kΩ in a shunt topology between the CPS branches.

Figure 17. Designed fractal CPS-fed array rectenna.
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The values for the employed components and length of the lines between them have been determined
from simulated and measured data for impedance matching while achieving an acceptable RF-to-DC
power conversion efficiency (PEC) at low input powers. The DC-pass C3 = 330 pF acts as a shorted
stub matching network and tunes out the diode reactance. It smoothens the DC output voltage and
also allows the remixing of the power at the harmonic frequencies. The optimal distance between the
diode and DC-pass filter and the distance between the load and DC-pass filter were determined to be
Y8 = 23.2mm and Y9 = 3mm, respectively. The C1 = C2 = 0.2 pF capacitors, L1 = L2 = 16.1 nH
inductors, and the length of the CPS line Y6 = 6.18mm between them and the length of the CPS
line Y7 = 3mm are used to conjugate match the array antenna impedance to the diode impedance
at 2.4GHz. The matching circuit also acts as a filter that prevents the leakage of the higher-order
harmonics, generated by the diode, to the antenna and sends them back to the diode to get remixed
and generate more DC power. The C1 and C2 capacitors also provide the DC isolation between the
array antenna and the rectifier.

A prototype of the proposed array rectenna was realized by integrating the designed rectifier
and array antenna, and measurements were performed to investigate its performance. The fabricated
rectenna array is shown in Fig. 18, and the measurement setup is shown in Fig. 19, where a standard
horn antenna with a gain level of 9 dBi is placed at a distance of 2m to feed the array rectenna while
satisfying the far-field criteria. A Ceyear-1441B RF signal generator is connected to the horn antenna
through an Analog Devices ADL5321 amplifier to provide adequate controllable and detectable power
to the rectenna array.

Figure 18. Fabricated array rectenna. Figure 19. Measurement setup for the proposed
array rectenna.

The employed amplifier is capable of providing a maximum gain of 14 dB at 2.4GHz. An Agilent-
34401A precision multimeter is connected in parallel with the load resistance of the array rectenna to
measure the output DC voltage. Before performing the measurements on the array rectenna, a dipole
antenna with a known gain of 2 dBi was placed at the same location of the array rectenna, and the
received power was measured by an Anritsu MS2724B spectrum analyzer. Then the corresponding
available power density in space was calculated accordingly.

The measured and simulated results for the RF-to-DC PCE and the output voltage are compared
in Fig. 20. The ground-plane less structure of the rectenna allows it to capture the RF energy from its
back and front. The measurements were performed for both cases. The measured results reveal that
for the case in which the array rectenna was illuminated from its front, it provides a PCE > 20% for
the incident power densities greater than 0.025 µW/cm2 with a peak PCE of 61.3% at 4.03µW/cm2.
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(a) (b)

Figure 20. Measured and simulated results: (a) RF-to-DC PCE for various values of the load resistance,
and (b) output DC voltage for various values of the load resistance.

Table 4. Comparative analysis of proposed rectenna with other existing rectennas.

Reference
Frequency

(GHz)

Rectenna

Type
Substrate

Gain

(dBi)

Transmission

distance (m)

Max. Conversion

efficiency

[8] 2.42 single FR-4 3.93 2 78.53% at 0 dBm

[9] 1.975–4.744 single FR-4 4.3 2 88.58% at 0 dBm

[10] 2.45 array FR-4 Not reported 0.5 65.3% at 5 dBm

[11] 9.5 array Rogers RO4003 11.2 0.25 71.9% at 50.1mW

This work 2.4GHz array gypsum 9.96 2
61.3% at 4.03µW/cm2

power density

The corresponding DC output voltages are 0.022V and 0.44V, respectively. For the case in which the
array rectenna was illuminated from its back, it provides PCE > 20% for the incident power densities
greater than 0.028µW/cm2 with a peak PCE of 61.3% at 5.07µW/cm2. The corresponding DC output
voltages are 0.022V and 0.44V, respectively. Very fine agreement exists between the measured results
and simulation predictions. The slight deviation is mainly due to the fabrication and setup precision.

Table 4 provides a comparison between the results achieved in this work against the existing works
in the literature. The proposed rectifier provides a suitable conversion efficiency at very low input
powers delivered to it and for a resistive load of 2.5 kΩ. This verifies its capability to work with different
low-power devices for IoE applications.

4. CONCLUSION

In this paper, the design of a flat-bed screen printed CPS-fed fractal folded antenna element/array and
rectenna has been presented and discussed. The performance of the radiating antenna elements printed
on a thin PET substrate and implemented on various common building materials such as gypsum,
plexiglass, and plywood were investigated and experimentally verified. Simulation and measurement
results reveal that these materials can be used effectively as the substrate for massive deployment of
the IoE technology. Moreover, using the already existing building materials as the substrate not only
reduces the implementation costs but also provides an environmentally friendly approach. Besides, the
amount of the utilized silver ink for the printing process is significantly reduced due to the groundless
structure of the presented CPS-fed element/array.
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The designed eight-elements fractal array provides 9.96 dBi gain characteristic at 2.4GHz ISM-band
which is suitable for WPT applications under low ambient energy circumstances. The experimental
results show that the proposed array rectenna is capable of providing more than 20% PCE for incident
power densities as low as 0.028µW/cm2 while having a peak PCE of 61.3% occurring for a low incident
power density of 5.07µW/cm2, which is corresponding to delivering a DC voltage of 0.44V to a 2.5 kΩ
load. The achieved results reveal that the presented array rectenna and the proposed methodology could
be a suitable candidate for massive deployment of the wireless sensors network for IoE technology. In
the future, the printing process can be used directly on the dry-wall material to reduce the cost with a
performance-enhancing.
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