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RF energy harvesting using a compact rectenna with
an antenna array at 2.45 GHz for IoT applications

Subuh Pramono1 , Dwiki Dimas Shidiq1 , Muhammad Hamka
Ibrahim1 , Feri Adriyanto1 , Alfin Hikmaturokhman2

This work addresses the design, fabrication, and implementation of an RF energy harvester 2.45 GHz using a compact
rectenna. Our proposed rectenna focuses on development of an antenna array and rectifier circuit. The proposed rectenna is
fabricated using FR4 substrate with its overall size of 12.24 cm×18.17 cm with a thickness of 1.6 mm. The measured results
show that a 10 dB bandwidth covering in 2374-2549 MHz (175 MHz) with center frequency 2415 MHz at S11 of −18.2 dB.
There is a bandwidth enhancement of 57.6% compared to the single antenna. Gaining of the antenna array is 6 dB that is
double a single antenna gain. Spatial diversity technique in antenna array yields a bigger antenna gain thereby increasing
the received power level. Experimental measurements are carried out that the rectenna is placed indoor (LOS) at 5 m and
outdoor (NLOS) at 15 m. Furthermore, we also explore the rectifier circuit that to maximize the output voltage. The received

RF power that transmitted from WiFi router is −55 dBm (0.15 nW/cm2) at 5 m and −59 dBm (0.06 nW/cm2) at 15 m,
respectively. The output voltages are achieved that 1092.5 mV at a distance of 5 m (LOS) and 5.48 mV at a distance of
15 m (NLOS). The highest RF-DC conversion efficiency of our proposed rectenna reaches 77.6%. The rectenna potentially
meets all requirements to power up the IoT applications.
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1 Introduction

Nowadays, energy scavenging has attracted significant
attention for self-powered devices in the realization of a
smart environment that specifically focuses on the Inter-
net of Things (IoT). However, powering the IoT devices
remain a main issue that relates to the use and recharg-
ing of batteries will become restrictive and unsustain-
able for high density of devices. Energy harvesting is a
promising technology to solve these challenges [1]. Har-
vesting ambient energy that is abundantly available in the
form of vibration [2], thermal [3], solar [4], radio frequen-
cies (RF) [5], magnetic and piezoelectric [6]. The idea of
RF energy harvesting is converting ambient microwave
energy to electrical energy introduced firstly by Nicola
Tesla in 1890s [7]. RF energy harvesting is using rectiers
and antennas (rectenna) to extract energy from RF sig-
nals or ambient RF environment. It can provide mobil-
ity, lightweight, be scalable to many nodes and operate
without light. RF energy harvesting is based on wireless
power transfer including near-far eld [8]. It harvests RF
energy transmitted from dedicated existing sources such
as WiFi and wireless cellular systems. Increasing number
and widening deployment of wireless RF sources, ambient
RF energy harvest is becoming feasible for the support of
self-powered IoT devices. The main challenge in RF en-
ergy harvesting is the low power received caused by low
RF power density of the ambient RF environment. In

addition, the performance of wireless power transfer de-
pends on the efficiency of the RF energy harvester [9].
In the receiver of the RF energy harvesting system, the
transmitted RF waves are captured by the antenna which
is the main part of the rectenna. First, the antenna con-
verts the captured RF waves to the AC signals at its out-
put. Then, the AC signals enter the rectifier. The rectifier
changes the received AC signal to DC power. The DC
power is used to charge directly the load or the battery.
The receiving antenna is specifically designed based on
the resonant frequency of the transmitting RF source. It
is designed in such a way with high gain, broadband, high
efficiency, and omnidirectional radiation pattern. There-
fore, the receiving antenna can provide a high reception
power. Moreover, an efficient compact rectifier should be
designed for high-performance energy conversion.

Intensive research has been addressed towards antenna
design and rectifier circuit development to boost high-
efficiency performance with a compact size of rectenna.
Several antenna configurations for various applications
have been investigated such as single antenna, array an-
tenna, slot antenna. We can utilize the different RF fre-
quency bands. Previous works were including multiband
such as dual-band [10], triple-band [11], four-band [12],
and six-band [13] have been investigated for RF en-
ergy harvesting using a single patch antenna. However,
it doesnt optimize the space diversity reception. There-
fore, an array antenna configuration is one solution to
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overcome the limitations of a single antenna. An antenna
array is a group of two or more antennas. It improves the
overall performance over that of a single patch antenna
by combines its signals. An antenna array is addressed
to increase total gain, reduce the interference, provide
space diversity reception, maximize the Signal to Inter-
ference plus Noise Ratio (SINR), and to measure the di-
rection of arrival of incoming signals. The antenna ele-
ments transmit individually, while in array configuration
the radiation pattern of all the elements sums up which
has high gain, better performance, and high directivity.
Also, there has been a lot of previous research including
using different shaping/apertures dipole [14], rectangu-
lar [15], spiral [16], ring [16], slot [17], E-shaped patch,
folded meandered-line antenna [18], groundplane modifi-
cation [19][20], with linear and circular polarization.

Rectiers are usually made of matching elements and
diodes. The diodes play a key role in the rectifier cir-
cuit. Rectiers have different topologies depending on the
congurations of diodes used for rectication purpose, which
include single series [21], single shunt [22], voltage dou-
bler [23], and bridge type [24]. This work investigates a
novel design of rectenna. It proposes a combination of an-
tenna array structures and various rectifier circuits which
is aimed to provide high output voltage and high RF-DC
conversion efficiency.

2 Wireless power transfer

Tesla first introduced wireless power transfer (WPT)
in 1890. This system connected the source to the load
without using an electrical conductor. It has been contin-
uously investigated by researchers over the last decades.
Currently, the development of WPT is significantly in-
creasing. It is potentially applied in modern industry
in such as wireless sensor networks (WSN) [9], radio-
frequency identification (RFID) [17], machine-to-machine
(M2M) [17], wireless charger, internet of things (IoT) [4],
and wireless communications. Previously, an inductive
power transfer system was a basic system of power trans-
fer. Nowadays, radiative WPT system and the wireless
energy harvesting (WEH) from ambient RF fields using
rectenna has become an interesting research topic. Specif-
ically, industry 4.0 encourages new technology based on
sensors and automations. Smart cities, smart agriculture,
smart transportation, etc which using IoT platforms, self-
sustainable low powering standalone devices. For exam-
ple, RFID system applies wireless power transfer, where
the incident RF waves transmitted by an RFID reader
were harvested by a passive RFID tag for operating its
system. Moreover, in an IoT or WSN system, the end
nodes were randomly placed and unreachable that need
continuous powering for transmitting the data to the head
node. Rectenna will be a potential solution for this net-
work, rectenna was embedded with the end node. The end
node device automatically configures the network, collects
and transmits the data to the head node that communi-
cates with the server through a wireless mobile cellular

network or wireline network (fiber optic). The WEH will
become one of the promising solutions for continuously
powering to low power devices. Rectenna harvests the
ambient RF wave from the WiFi and mobile wireless cel-
lular transmitters.

3 Radio frequency energy harvesting

Currently, WiFi technology and wireless mobile cellu-
lar are widely implemented both in urban, suburban, and
rural areas. Their coverages are always maintained so that
the transmitted RF wave will always be available. So far,
it is just used as a wireless transmission medium in the
communication system. The existence of RF waves has
not been widely used. On the other side, the RF waves
have the potential as an energy generator. The advan-
tages of using RF waves energy are that the energy is
low cost, non-depletable, and clean. The RF wave sources
deliver continuous energy and are not obstructed by ge-
ographical aspects, weather conditions, day-night time.
These things will not be found in other alternative energy
sources such as wind, thermal, and solar. The transmitted
RF waves reflect, diffuse, and scatter into the surrounding
environment can be considered as ambient energy sources.
However, getting a large amount of energy from ambient
RF sources is still challenging which the transmitted RF
waves are attenuated by wireless channels so the strength
of the received signal is low [25]. The transmitted RF
wave that is an energy source in the far-field propagation
can be used for powering any small-standalone devices
including an end node in IoT or WSN system. Figure 1
presents the basic structure of an RF energy harvesting
system including the RF transmitter ( WiFi router or mo-
bile wireless cellular ) as the RF energy sources and the
rectenna as the receiver. The transmitter emits the RF
waves with limited power. Attenuated RF waves are cap-
tured by an antenna which is the key part of the rectenna.
The antenna produces AC signals at its output port. In
the next stage, the AC signal will be converted to DC
power by a rectifier. The DC power is used to directly
power the load [6], [25]. An ambient RF energy harvest-
ing system has some advantages and disadvantages. The
advantages are including (a) power that can be harvested
continuously over distance. Conversely, the disadvantages
of the RF energy harvesting system such as (a) received
RF power level is low, (b) free space loss/attenuation in
a wireless channel is high that it is as a function of the
distance and frequency, (c) limited power transmitter, (d)
low efficiency.

The rectenna plays a key role in RF energy harvest-
ing system. Figure 2 depicts a basic structure of rectenna
that consists of receiving antenna, input filter, rectifier,
and DC filter. The antennas receive incident RF waves, it
should have a high gain and wide bandwidth. Next, the
input filter has a role not only as impedance matching
but also harmonics rejection. The third part is a rectifier-
voltage multiplier that its configuration is determined
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Fig. 2. Basic structure of a rectenna

Table 1. Material specification

Thickness Conductivity Dielectric

(cm) (S/m) constant

glass 0.5 10-12 3.0

wood 5 0.08 2.05

metal 5 107 N/A

concrete 16 0.05 5.5

Table 2. Dimensions of single antenna

Parameter Value (mm)

W 37.26

L 27.87

Lslot 11.187

Wgrnd 56

Lgrnd 47

Wslot 0.3

Wfline 5.35

h (thickness) 3.2

based on the desired output voltage. It consists of multi-
ple diodes. The last, DC filter performs to eliminate the
unwanted voltage transient. Receiving antenna (Rx)

The ambient RF energy harvesting system is inves-
tigated in an indoor and outdoor environment that the
room is equipped with a single WiFi router/transmitter.
This room office is comprised of glasses, concrete walls,
wooden tables-chairs, aluminum door-frame, partition
board. The specific material properties are listed in
Tab. 1.

The room is a rectangular shape. It sizes 10 × 15m2

with 3.75 m of height. It has one WiFi router/transmitter
attached to the ceiling. WiFi router/transmitter is equipped
with a 9 dBi omnidirectional antenna and the resonant

frequency is 2.45 GHz. The transmitting power is 19 dBm
(101.9 milliwatts).

4 Antenna design and fabrication

In rectenna, we use an array rectangular patch antenna
for capturing the incoming RF wave emitted by the WiFi
router/transmitter. Detail geometrical designs are shown
in Fig. 3 and Fig. 5. Furthermore, specific design sizes are
described in Tab. 2 and Tab. 3.

Design of the antenna proceeds as follows

• The width of radiator patch

W =
c

2fr

√

2

εr + 1
, (1)

here, fr is the resonant frequency, c is the speed of
light (3× 108m/s), and εr is the dielectric constant of
substrate.

• Effective dielectric constant

εr,eff =
εr + 1

2
+

εr − 1

2

[

1 + 12
h

w

]

−1/2

, (2)

where h is the thickness of substrate.

• The fringing length

∆L = 0.412h
(εr,eff + 0.3)

(W

h
+ 0.264

)

(εr,eff − 0.258)
(W

h
+ 0.8

)

. (3)

• The effective length of the radiator patch

Leff =
c

2fr
√
εr,eff

, (4)

with Leff = L+ 2δL

We use an SMA connector with characteristic impedance
of 50, hence the input impedance of the antenna

Zc =
120π

√
εr,eff

[

W0

h
+ 1.393 + 0.667ln

(W0

h
+ 1.444

)

] .

(5)
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Fig. 3. Geometrical design of a single antenna
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Table 3. Dimensions of antenna array 2 ×1

Parameter Value (mm)

W 37.26

L 27.87

Lslot 11.187

Wgrnd 56

Lgrnd 47

Wslot 0.3

Wfline 5.35

h (thickness) 3.2

l / 4 l / 4

50 W 50 W70.7 W

50 W

Fig. 4. T-junction
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Wtrans
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Fig. 5. Configuration of the proposed antenna array 2 ×1

After we design a single patch antenna. We use a

T-junction to provide two elements array antenna. Mi-
crostrip line feed with transformer λ/4 is used to match

the impedance, seen Fig. 4. T-junction technique divides
the electric field distribution into two lines that have a

characteristic impedance of 50Ω and 70.7Ω, respectively.

Zr =
√

Z1Z3 =
√
50× 100 = 70.7, (6)

where, Z1 is the main feed line impedance, while Z3 is

the sum of the impedances of the two-line branches

The width of the transformer 4 line (70.7) can be

determined from

WZ0
=

2h

π

{

BZ0
− ln(2BZ0

− 1)+

εr − 1

2εr

[

ln(BZ0
− 1) + 0.39−

0.61

εr

]}

,

(7)

BZ0
=

60π2

Z0

√
εr
. (8)

After we calculate and simulate the design of proposed

antenna, we have to fabricate and measure it. Figure 6

shows the fabricated antenna.

(a)
(b)

Fig. 6. Photograph of the fabricated antenna (a) single antenna
(b) antenna array 2 ×1
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Fig. 7. Return loss of single antenna (simulated & measured)
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Fig. 12. VSWR of antenna array 2×1

Table 4. List of components model A

Component Value

C 1 pF

L 2.2 nH

CS (junction) 150 pF

D1 HSMS 2850/SMD

D 2 HSMS 2850/SMD

CP (bypass) 150 pF

RL 10 k

Figure 7 and Fig. 8 show the performance parameter of
the S11 and radiation pattern of a single antenna. Based
on figure 7, our proposed single antenna design generates
a simulated -10 dB impedance bandwidth of 116 MHz
(2371- 2487 MHz) with a center frequency of 2428 MHz
at S11 of −32.08dB. The simulated result is confirmed
by antenna measurement that the measured results yield
a -10 dB impedance bandwidth of 111 MHz (2378 2489
MHz) with a center frequency of 2439 MHz at S11 of -
37.16 dB. Figure 8 (b) depicts the radiation pattern of
a single antenna with its −3 dB beamwidth (half-power

beamwidth) of 156◦. In addition, Fig. 8 (a) shows that
the single antenna produces a maximum gain of 3 dB.

The second parameter, as pictured in Fig. 9, is inves-
tigated for VSWR (voltage standing wave ratio). Gener-
ally, VSWR a measure of how efficiently radio- frequency
power is transmitted from a power source into a load
through a transmission line. Our simulated result (red
line) shows that the lowest VSWR is achieved of 1.049
at the frequency 2426 MHz while the measured result
(blue line) exhibits that the lowest VSWR is measured
of 1.032 at frequency 2448 MHz, it means that only a
1.57% of forwarding voltage to the load is reflected. A
VSWR specification commonly adopted is a 2:1 VSWR,
which means that the range of frequencies over which the
VSWR is less than 2 is chosen as the bandwidth of opera-
tion. So, the simulated VSWR bandwidth (VSWR ¡ 2) is
in the range of 2367-2489MHz, while the measured result
is in the range of 2380 2501 MHz. Purpose to enhance
the performance of the antenna, we design, fabricate, and
investigate an antenna array. Referring to Fig. 5, we in-
vestigate an antenna array 2x1. Utilizing space diversity
in antenna array that to improve the performance of the
antenna, enlarging the strength of received signal so that
the rectenna output voltage is large, thereby increasing
the rectenna efficiency.
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Fig. 13. Measurement of the WiFi working spectrum by spectrum
analyzer using the proposed antenna

RLCPD1

D2CSC

L VoutAntenna / Vin

Fig. 14. Schematic configuration of rectifier circuit model A

Based on Fig. 10 shows that the antenna array yields

better performance than a single antenna. This configu-

ration gives a simulated -10 dB bandwidth in the range

of 2342 2568 MHz (226 MHz) with a center frequency

of 2442 MHz at S11 of -16.7 dB. Also, the measured re-

sult creates a -10 dB bandwidth covering in 2374-2549

MHz (175 MHz) with center frequency 2415 MHz at S11

of -18.2 dB. There is a bandwidth enhancement of 57.6%

compared to the single antenna. Figure 11 informs us that

the gaining of the antenna array is double that of a sin-

gle antenna. There is a gain of 6 dB. It also has a wider

half-power beamwidth of 164◦.

Based on Fig. 12 that the lowest simulated VSWR

of the antenna array is 1.33 at 2451 MHz. It has an

ideal VSWR (VSWR 2) covering 2336 - 2568 MHz (232

MHz). Similarly, the lowest measured VSWR is 1.28 at

2417 MHz with its bandwidth (VSWR 2) covering 2369-

2552 MHz (183 MHz). After we fabricated and investi-

gated the performance of the antenna parameters, then

we applied the antenna to receive ambient RF of WiFi

router 2.4 GHz. We measured the strength of the received

WiFi router RF using a spectrum analyzer as depicted in

Fig. 13. The proposed antenna can operate and receive

perfectly the WiFi RF that its working spectrum cover-

ing 2412-2495 MHz with a maximum received signal level

of −55.88 dBm.

5 Rectifier design and fabrication

The RF energy harvesting system is mostly providing

in a low power density that is caused by limited power

transmit and high attenuation at the wireless channel.

Therefore, the conversion efficiency of the rectifier plays

a key role in generating targeted output power from the

harvested ambient RF. A rectifier circuit, as well as an LC

filter, consists of an inductor and capacitor components

and diode component. In this research, we compare two

types of rectifier circuits including model A and model B.

Rectifier circuit model A that constructed based on a high

pass filter (HPF). HPF passes high frequency with a min-

imum cut-off of 2.4 GHz. Configuration of rectifier circuit

model A is depicted in Fig. 14 and detail components val-

ued in Table 4. We use a single- stage Cockcroft-Walton

voltage multiplier circuit with HSMS-2850 diode with a

minimum forward voltage of 150 mV (IF = 0.1 mA) and

250 mV (IF = 1 mA), a breakdown voltage of 3.8 V, junc-

tion capacitance of 0.18 pF, parasitic series resistance of

25 , maximum reverse leakage current of 150 A. It has low

forward bias voltage at high frequencies. It is suitable for

low RF input power applications, tangential sensitivity

−56 dBm at 2.45 GHz. The Schottky HSMS-2852 diode

was chosen because it has a low built-in voltage with fast

switching response and high cutoff frequency.

The harvested RF by the antenna is converted to DC

power through full-wave rectification. The rectifier is di-

rectly connected to the antenna port. The diode D1 op-

erates negatively while the diode D2 is active positively.

The capacitor C stores energy at a negative cycle. Fabri-

cated rectifier circuit model A is shown in Fig. 15.

(a)

(b)

Fig. 15. (a) Front side (b) Backside of fabricated rectifier circuit
model A

Furthermore, the rectifier circuit model B contains sev-

eral components that are almost the same as model A.

The difference is the LC filter configuration, in which the

position of the inductor and capacitor is changed that the

inductor L is serially connected to capacitor Cs. In addi-

tion, the load resistor has also been increased to 20 kΩ.

The rectifier circuit model B configuration is based on a

low pass filter (LPF) with a maximum cut-off frequency

of 2.5 GHz. Detail components and their value are de-

scribed in Fig. 16 and Tab. 5. The fabricated rectifier

circuit model B is shown in Fig. 17.
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Table 5. List of components model B

Component Value

C 2 pF

L 2.2 nH

CS (junction) 2 pF

D1 HSMS 2850/SMD

D2 HSMS 2850/SMD

CP (bypass) 2.2nF

RL 20 kΩ

Table 6. Power consumption of various sensors/devices

Device Consumption

Wearable sensor 60 µW

Smoke detector 55 µW

Gas detector 5.12 mW

CO detector 1.5 mW

Smartwatch 31 mW

WiFi flash memory 210 µW

LED 60 mW

RLCPD1

D2CS

C VoutAntenna / Vin

L

Fig. 16. Schematic configuration of rectifier circuit model B

(a)

(b)

Fig. 17. Fabricated rectifier circuit model B: (a) – front side, (b)
– backside

One of the important parameters in assessing the per-

formance of a rectenna is the RF-DC conversion effi-

ciency. The RF-DC conversion efciency of a rectenna

is inuenced by the antenna performance, the impedance

matching between the antenna and the rectier, and power

loss in the diodes. The RF-DC conversion efciency is

dened as the ratio of the amount of power delivered to

the load to the amount of power received by the antenna.

The RF- DC conversion efficiency is

η =
Pout

Pin

× 100 , (9)

η =
PDC

Pin

=
V 2
DC

RL

1

Pin

, (10)

where Pout is the rectenna output DC power and Pin is
the received RF power by the antenna. VDC is the output
voltage at the resistance, RL is the resistance and PIN

is the received RF power by the antenna. In order to
power up IoT and WSN devices, we need to know the
power consumed by the sensors. The power consumption
of different devices/sensors can be seen in Tab. 6.

6 Rectenna performance

The fabricated prototype of rectenna is shown in
Fig. 18. The antenna is connected to the rectifier cir-
cuit through an SMA connector. The output voltage of
rectenna is measured using a voltmeter.

We have four scenarios for analyzing performance of
two types of antenna combined with two types of rectifier
circuits. The measurements were taken at a distance of
5 and 15 meters from the WiFi router/transmitter, when
the distance is 5 m that the rectenna is placed indoor
with line of sight (LOS) propagation while the distance
is 15 m that the rectenna is placed outdoor with non-line
of sight (NLOS) thereby its higher attenuation. Wireless
channel is a time- varying channel so the received power
level has fluctuated.

Table 7. The measured output voltage of the rectenna at a distance
of 5 m (LOS) & 15 m (NLOS)

Location
Scenario

Lowest Highest Average
No

Distance
(antenna

(mV) (mV) (mV)
& rectifier)

1 A1 & RA 226 388 307

2 Indoor A2 & RA 451 605 528

3 5 m/LOS A1 & RB 896 967 931.5

4 A2 & RB 982 1203 1092.5

1 A1 & RA 0.47 0.50 0.485

2 Outdoor A2 & RA 0.58 0.60 0.590

3 15 m/NLOS A1 & RB 3.71 4.32 4.015

4 A2 & RB 5.32 5.65 5.485

To determine the effect of changing the number of
antennas and the rectifier circuit model on the rectenna,
we apply four scenarios. Our scenarios are including A1

combined with RA , A2 combined with RA , A1 combined
with RB , A2 combined with RB with A1 is defined as
a single antenna, and A2 is assigned two elements array
antenna while RA represents rectifier circuit model A and
RB symbolizes rectifier circuit model B. The measured
results are shown in Tab. 7. Both the distance of 5 and
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Table 8. The RF-DC conversion efficiency at a distance of 15 m
(NLOS propagation)

No
Scenario Efficiency

(antenna & rectifier) η (%)

1 A1 & RA 48.68

2 A2 & RA 31.08

3 A1 & RB 58.31

4 A2 & RB 77.57

Conversion efficiency (%)

-90 -70 Input power (dBm)

10 kW

20 kW

-80 -50

20

40

60

80

Fig. 18. Conversion efficiency of the proposed rectenna (with an-
tenna array 2×1)

15 meters, the averaged lowest voltage is generated from
the first scenario (A1 combined with RA ) with a value
of 0.485 mV at a distance of 15 m and 307 mV at a
distance of 5 m while the highest voltage is yielded from
the fourth scenario (A2 combined with RB ) with a value
of 5.485 mV at a distance of 15 m and 1092.5 mV at a
distance of 5 m. By seeing the trend of measured results
in Tab. 7, the presence of space diversity technique on
the antenna array system creates a bigger antenna gain
thereby increasing the received power level.

Based on our experimental measurement, when we use
a single antenna that has an average received power of
-59 dBm while using two elements array antenna that
its average received power is 55 dBm. Referring the
equations 11 and 12, by involving the received power level,
resistance at the load, and output voltage of the rectenna,
we can calculate the RF-DC conversion efficiency. There
is a conversion efficiency for the distance of 15 m which
is listed in Tab. 8.

By setting the distance between theWiFi router/trans-
mitter and the rectenna so that the received RF power by
the antenna has fluctuated. Thus, the fluctuated received
RF power leads to the changing of RF DC conversion
efficiency. Figure 19 shows the results of the conversion
efficiency which is influenced by the input power. When
we use a rectifier circuit model B (RB), the highest con-
version efficiency (77.57%) is reached at a -55 dBm of
input power.

7 Conclusion

In this work, we proposed, designed, fabricated, and
tested a 2.45 GHz RF energy harvester for IoT applica-
tions. The proposed rectenna consists of a single or an
array antenna, impedance matching, voltage multiplier,

and DC filter. The rectenna is fabricated using FR4 sub-
strate. To investigate the rectenna performance, there are
four scenarios developed by combining two types of an-
tennas (single and array antenna) and two types of recti-
fier circuits. Spatial diversity technique on array antenna
yields a bigger antenna gain thereby increasing the re-
ceived power level. Based on the experimental measure-
ment, our proposed rectenna (the fourth scenario) pro-
duces a high output voltage of 1.092 V at a distance of 5
m (LOS propagation). It also has a 77.57% of conversion
efficiency. The proposed rectenna with an array antenna
and specific rectifier circuit is suitable for power up the

IoT devices.
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