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ABSTRACT Traditionally employed human-to-human and human-to-machine communication has recently
been replaced by a new trend known as the Internet of things (IoT). IoT enables device-to-device commu-
nication without any human intervention, hence, offers many challenges. In this paradigm, machine’s self-
sustainability due to limited energy capabilities presents a great challenge. Therefore, this paper proposed
a low-cost energy harvesting device using rectenna to mitigate the problem in the areas where battery
constraint issues arise. So, an energy harvester is designed, optimized, fabricated, and characterized for
energy harvesting and IoT applications which simply recycles radio-frequency (RF) energy at 2.4 GHz,
from nearby Wi-Fi/WLAN devices and converts them to useful dc power. The physical model comprises
of antenna, filters, rectifier, and so on. A rectangular patch antenna is designed and optimized to resonate
at 2.4 GHz using the well-known transmission-line model while the band-pass and low-pass filters are
designed using lumped components. Schottky diode (HSMS-2820) is used for rectification. The circuit is
designed and fabricated using the low-cost FR4 substrate (h = 16 mm and εr = 4.6) having the fabricated
dimensions of 285 mm × 90 mm. Universal software radio peripheral and GNU Radio are employed to
measure the received RF power, while similar measurements are carried out using R&S spectrum analyzer
for validation. The received measured power is−64.4 dBm at the output port of the rectenna circuit. Hence,
our design enables a pervasive deployment of self-operable next-generation IoT devices.

INDEX TERMS Internet of things (IoT), energy harvesting, antenna, rectenna, Wi-Fi, WLAN, universal
software radio peripheral (USRP), GNU radio.

I. INTRODUCTION
In our daily lives, numerous small, relatively inexpensive
interconnected computing devices are surrounding us, many
of which can communicate and perform sensing operations.
These devices are called smart objects (SOs) [1], and they
cooperate to collect data and provide services to end users
in the pervasive computing [1], [2] environment. This leads
to the concept of Internet of Things/Internet of Everything
(IoT/IoE) [1]–[4]. The IoT can be characterized as the con-
nection of physical devices which do not directly rely on

human interaction. Major consumer applications of IoT are
in wireless sensor networks (WSNs) and wireless body area
networks (BANs) [2]–[4]. The extension of IoT concept
for the commercial applications brings us to the advent of
industrial-IoT which provides interconnectivity to improve
business-to-business services, mainly through machine-to-
machine (M2M) interactions [2], [3].

The ever-increasing number of internet-enabled devices
in the IoT paradigm like smart cities brings along their
own challenges like self-sustainability due to limited
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energy capabilities. Hence, issues related to self-configuration,
power management, and reliability must be addressed, ade-
quately. This paper addresses the power management issues
by incorporating energy harvesting [5] technology for the
SOs in the next generation IoT applications. In energy har-
vesting technology, the solar, kinetic, thermal or electromag-
netic (EM) energy can be converted to useful DC power
which can then be used to recharge the batteries and power
up the IoT devices [3]–[5].

In recent years, energy harvesting by using EM waves
is used in empowering implantable biomedical devices,
WSN nodes, and wireless chargers, etc. Wireless energy
harvesting is necessary for biomedical devices, as the replace-
ment of batteries in their tiny structures is tedious espe-
cially when they are planted inside the human body. The
concept is becoming popular because the environment is full
of EM radio waves dominantly from the 300MHz-3GHz
ultrahigh-frequency (UHF) band and their applications are
commonly found in mobile, satellite and Wi-Fi communica-
tions, etc. [4]–[6]. This abundant EM (energy) waves can be
picked up and harvested by these self-sustainable SOs for the
next generation IoT applications.

Several studies have been conducted and methods are
proposed to harvest radio-frequency (RF) energy [6]–[8]
which optimally utilized RF ambient energy to power sen-
sors and electronic devices with low power consumption.
The canonical method to implement the concept is by
using a rectenna circuit comprising of an antenna and an
RF/DC conversion unit [6], [8]–[10]. This concept was orig-
inally proposed and demonstrated in 1975 [11] when a
microwave beam was transmitted through an RF-DC con-
verter at a distance of 1.6km and the efficiency achieved
was 85%. For a viable rectenna design, the major work is
to propose a suitable antenna for receiving an RF signal
and increasing the rectifier’s efficiency. The demonstration
in [11] opens a new paradigm of research which elimi-
nates the existence of power cables, hence reducing the
cost.

In the past, several methods to transfer power wire-
lessly had been demonstrated [12]–[16]. In the near-
field region, inductive power transfer is getting popular
for short range applications, typically few millimeters to
meters [12], [13]. The concept is successfully implemented
in mobile phone chargers, electrical toothbrushes, RF identi-
fication (RFID) tags and artificial cardiac pacemakers, etc.
The conjugate, capacitive coupling method is also used in
low power applications and typically being used in power
routing in integrated circuits [14], smart cards and charging
portable devices. Whereas, in the far-field region, power
transfer using microwaves and lasers are worth mention-
ing [15]. Microwaves are used for long distance applications
in satellite communication, telecommunication and powering
unmanned aerial vehicle (UAV) drones [15]. Laser energy
transmission is also used for long distance communications
as it makes use of atmospheric transparency window in
the visible or near-infrared frequency spectrum [15], [16].

FIGURE 1. Block diagram of the proposed rectenna circuit.

Hence, find its use in the solar-powered satellites, military
weapons, aerospace and consumer electronics [15], [16].

In this work, an efficient and low-cost RF energy har-
vester operating at 2.4GHz ISM band is proposed, designed,
optimized, fabricated and characterized. The rectenna circuit
comprises of a microstrip patch antenna (MPA), a filter, rec-
tifier and a matching circuit. The MPA is designed using the
low-cost flame resistant (FR4) substrate. The measured MPA
bandwidth is found in good agreement with the simulated
one. Lumped components are used to implement the band-
pass filter (BPF) and a low-pass filter (LPF) operating at the
2.4GHz band. A schottky diode is used to implement the rec-
tifier circuit due to its high-speed switching at higher frequen-
cies and low voltage drop characteristics. Transmission-lines
and stubs are used formatching andmaximumpower transfer.
The energy harvester is designed and simulated using Agi-
lent advanced design system (ADS)Momentum—a simulator
that works on full-wave analysis method-of-moment (MoM)
technique [17], [25]. The DC power received at the load
is −64.4dBm which can be further amplified to power up
next generation IoT devices, smartphones and implantable
biomedical sensors.

The rest of the paper is organized as follows: Section 2 dis-
cusses the rectenna circuit design and its simulation results.
Section 3, presents the parametric tuning study of the
designed rectenna circuit. Section 4 compares the simulated
and measured results and finally, Section 5 draws conclusion.

II. PROPOSED RECTENNA CIRCUIT
The block diagram of the proposed rectenna circuit is shown
in Fig. 1. It can be seen in Fig. 1 that the rectenna circuit
comprises of an antenna, a BPF, matching circuit, a rectifier
circuit, and a LPF. Eachmodule ismatched to the nextmodule
using stubs for maximum power transfer [17].

In order to fulfill the rectenna design requirements, the first
step is to design the antenna. Here, an MPA is preferred and
used which serve as a promising solution for these require-
ments as they are small, low-profile and easy-to-fabricate
whereas their shortcomings such as narrow bandwidth and
low-gain characteristics can be improved by using different
techniques [18]–[22]. A typical MPA consists of a radiating
patch and a ground plane. The radiating patch is characterized
by its relative permittivity and height [17]. The fringing-
field effect between the ground plane and the radiating patch
causes the patch antenna to radiate at a single resonant
frequency [17]. For the radiating patch to resonate at mul-
tiple frequencies, slots and slits can be introduced in the
design which alters the current path on the patch [19]–[22].
The low-cost FR4 substrate is used here with height (h),
dielectric constant (εr ), and loss tangent (δ) of 1.6mm,
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FIGURE 2. Geometry of the proposed microstrip patch antenna.

FIGURE 3. Simulated rectenna circuit on ADS.

4.6 and 0.019, respectively. The designed antenna is shown
in Fig. 2.

It can be seen from Fig. 2 and Fig. 3 that the overall size of
the rectenna system is 285mm× 90mm and the patch antenna
is of 54mmx 57mm, respectively. The FR4 antenna is fed by
a 3mm × 17mm transmission-line (TL) by using an inset-
feed technique. This technique is used, because it is easy
to implement and provide a method of impedance control
with a planar feed configuration [23], [24]. The antenna was
modeled and optimized using ADS momentum [25].

For antenna designing, the resonant frequency (fr ) is
selected to be 2.4GHz. The length and width of the
patch antenna are calculated using the transmission-line
model [17]. When the rectangular patch is first implemented
in ADS momentum, the length and width are same as the
calculated ones. The length and width of the 50� TL are
then calculated for the FR4 substrate [17] which are 16.8mm
and 3mm, respectively. When these TL dimensions are
implemented in ADS, the optimized length is found to
be 17mm whereas the width remains the same. The TL is
inserted into the patch at 12mm. The distance is found by
using mathematical Eq. (1-2) [17], [25]. At first, the inset-
feed length is calculated by using Eq. (1) which comes
out to be 10.4mm. Later the length was further opti-
mized by using Eq. (2) and the dimension R is found to
be 12mm:

Zin (R) = cos
(
πR
L

)2

Zin (0) (1)

R = 0.82×
L
2

(2)

Where, Zin(R) is the input-impedance set to 50�, R is the
inset-feed distance as shown in Fig. 2, L is the length
of patch antenna and Zin(0) is the input-impedance at
the patch edges which is set to 244�, respectively [17].
The dimensions of the proposed antenna are summarized
in Table 1.

TABLE 1. FR4 Substrate based antenna design parameters (unit: mm).

The simulated reflection coefficient (S11) plot on ADS
momentum for the antenna is shown in Fig. 4.

FIGURE 4. Simulated S11 [dB] of 2.4 GHz antenna.

It can be seen from the S11 plot that the simulated antenna is
resonating at 2.4GHz and showing an acceptable bandwidth
of 25MHz. Rest of the antenna parameters are summarized
in Table 2.

TABLE 2. Simulated results of the proposed antenna.

Next, the signal is passed through a BPF to filter out
the noise and undesired frequency components. The BPF is
realized by using the pi (π ) and T models as the passive
R/L/C filters are combined in a special way with π and
T models to optimize the cost, compactness and performance
in RF designs [26], [27]. This paper employs a π model,
because it provides more output voltage and ripple-free out-
put as compared to the other proposed filter models [26].
Using the π model shown in Fig. 5, the value of the capac-
itors and inductors are calculated using the mathematical
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FIGURE 5. Pi (π) model of the proposed BPF.

Eq. (3-6) [26], [27]:

L1 =
Z0

π (f2 − f1)
(3)

L2 =
Z0 (f2 − f1)
4π f2f1

(4)

C1 =
(f2 − f1)
4π f2f1Z0

(5)

C2 =
1

πZ0(f2 − f1)
(6)

From the above equations, the characteristic impe-
dance (Z0) and the cut-off frequencies (f1 and f2) are 50�,
2.3GHz and 2.6GHz, respectively. Moreover, the values of
L1,L2 and C1, C2 are found to be 50.2 nH, 0.2nH and 0.08pF,
20.08pF, respectively.

Next step in designing the proposed rectenna is the match-
ing circuit. Matching is an essential step for maximum power
transfer from the BPF to the rectifier [17]. The first step in
designing a matching circuit is to calculate the value of Zin
and Z0 using Eq. (7-13) [17]. Zin is the sum of the output
impedance of the antenna and the BPF impedance. Whereas,
Z0 is the total impedance of the rectifier, LPF, and the load.
The values of the passive components in the matching circuit
are then calculated using the L model.

At first, the impedance of the antenna (Zantenna) is
calculated using the smith chart in Eq. (7) and found to
be 50 + j39.5�.

Zantenna = 50× (1+ j0.8) (7)

Now, the impedance of the BPF is calculated using
Eq. (8-11). Here,XL2 is parallel toXC2 and found to be 3.3�.
Similarly, XC1 is in series with XL1 and found to be 1.6K�.
The total impedance of the BPF is obtained by the parallel
and series combination of the above mentioned impedances
and is found to be 1.6�.

XL2 = 2π fL2 (8)

XC2 =
1

2π fC2
(9)

XC1 =
1

2π fC1
(10)

XL1 = 2π fL1 (11)

As stated previously, Zin and Z0 should be calcu-
lated for the matching circuit. Hence, Zin is found to be

FIGURE 6. Spice model of the HSMS-2820 schottky diode [28].

51.6 + j39.5�. Now, the calculations are made to calcu-
late Z0. For rectification, the schottky diode HSMS-2820 [28]
is used. Its impedance is calculated using the spice model,
as shown in Fig. 6 [28]. The values of series resistance (Rs)
and junction capacitance (Cj) can be determined from the
spice table [28]. The variable resistance depending upon
external bias current, saturation current and temperature (Rj)
is calculated using Eq. (12). The values of Rs, Cj and Rj are
found to be 6�, 0.7pF and 1.3K�, respectively.

RJ =
8.33×10−5nT

Ib + Is
(12)

Where in Eq. (12), Ib and Is are externally applied bias
current in amps and saturation current, respectively. Now,
the impedance of the LPF is calculated. A simple capacitor is
used to implement the filter on ADS. Hence, the impedance
is calculated using Eq. (13) and found to be 144.5�.

Xc =
1

2π fcC
Now, the equivalent impedance Z0 with 500� load is found

to be 206.4�. Using the values of Z0 and Zin, the matching
circuit is implemented using L model. Hence, L and C are
found to be 3.3nH and 0.6pF, respectively.

Rectification is the next step in rectenna circuit design.
A schottky diode is employed for rectification, as it has a low
voltage drop between 0.15-0.45V compared to the normal
silicon diode which has a drop between 0.6-1.7V [9]. Also,
schottky diode has a very fast switching action as required by
a high-frequency incoming signal, high current density and
lower heating losses, hence efficient for applications that are
sensitive to accuracy [9].

Low pass filtering is the last step in designing the rectenna
circuit as it smoothes the signal and removes any noise
present. A simple capacitor is used to implement the fil-
ter on ADS. The value of the capacitor is calculated using
Eq. (14) and found to be 0.5pF.

C =
1

2π fcR
All the individual modules of the rectenna circuit are then

connected together using a matching circuit for maximum
power transfer. Hence, input and output impedances of all the
modules are considered to calculate the length and width of
the TLs for maximum power transfer between the modules.
The complete rectenna circuit is shown in Fig. 7.
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FIGURE 7. Rectenna simulation circuit on ADS.

TABLE 3. Calculated and tuned component values of the rectenna circuit.

III. PARAMETRIC TUNING STUDY
The rectenna circuit is then further tuned so that the calculated
values of all the components match closely with the commer-
cially available component values. The tuned rectenna circuit
values are listed in Table. 3.

IV. MEASUREMENT RESULTS AND DISCUSSIONS
A. MPA MEASURED RESULTS
Fig. 8 shows the fabricated antenna with its dimensions. The
S11 of the fabricated antenna is measured by using Rhodes
and Schwarz (R&S) ZND 8.5GHz VNA, and the response is
shown in Fig. 9.

It can be seen from Fig. 9 that the S11 response of the
fabricated antenna is around −30dB at 2.4GHz that is in
agreement with the simulated antenna response. The received
power by the antenna is also measured using universal soft-
ware radio peripheral (USRP) [29], [30]. A flow graph shown
in Fig. 10 was constructed in the GNU Radio to demonstrate
the back-to-back (B2B) system setup. In Fig. 10, an RF tone
signal is generated at 2.42GHz from one USRP port and
transmitted by using the USRP monopole antenna. The same

FIGURE 8. Fabricated microstrip patch antenna (a) Front side (b) Back
side.

FIGURE 9. Measured S11 response of the fabricated FR4 antenna.

signal is received from the other port of the USRP by using
the fabricated MPA.

The complete measurement system setup is shown
in Fig. 11 highlighting GNU Radio flow graph, the fabri-
cated MPA and monopole antenna connected with USRP.
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FIGURE 10. Simulation of USRP using GNU Radio.

FIGURE 11. B2B system setup to measure the power of 2.4GHz antenna.

FIGURE 12. FFT plot of the RF signal received by the fabricated patch
antenna in the B2B system setup showing the measured signal power.

A transmitted RF tone in the form of fast fourier transform
(FFT) plot with −73dBm of signal strength can be observed
in Fig. 12. The RF tone follows the monopole antenna signal
power typically used by the wireless access points (APs).
According to the IEEE 802.11b/g/n standard [31], there are
a total of 11 allowed channels having a total bandwidth

TABLE 4. Comparison of the signal strength of the designed MPA with
COTS available Wi-Fi antennas.

FIGURE 13. Fabricated rectenna circuit showing the designed patch
antenna, BPF, matching circuit, rectifier and the LPF.

of 22 MHz. In addition, there are 3 non-overlapping channels
and the separation between overlapping channels is 5MHz.

So, in the FFT plot in Fig. 12, channel 1 can be
easily observed at the frequency of 2.416GHz, while
some part of channel 2 can be seen at the frequency
of 2.422GHz. The whole spectrum of the IEEE 802.11 cannot
be observed by USRP because the maximum bandwidth of
the USRP is 20MHz. Comparison between the fabricated and
commercial-off-the-shelf (COTS) antennas are summarized
in Table 4.

The results shown in Table 4 suggest that the designed
MPA performance is similar or better, when compared with
the COTSWi-Fi antennas that are used at the wireless APs in
theWi-Fi routers at homes. After getting the satisfying results
from the antenna side, it is then integrated with the remaining
modules of the rectenna circuit.

B. RECTENNA MEASURED RESULTS
The fabricated antenna is then integrated with the rectenna
circuit which is then fabricated and is shown in Fig. 13.

The power measured at the output port of the antenna,
the BPF, the matching circuit and the rectifier and LPF are
shown in Fig. 14 (a-d), respectively. The results are also
summarized in Table 5.

Two types of measurement are carried out to assess
the performance of the proposed rectenna circuit. Firstly,
R&S SMB 100A 6GHz RF signal generator is used with the
fabricatedMPA resonating at 2.42GHz acting as a transmitter.
The antenna is connected to the RF signal generator output
port via N-type male-to-SMA female adapter. At the receiver
end, the R&S FSC-6 spectrum analyzer is connected to the
rectenna circuit via R&S active probe RT-ZS30 to monitor
the signal strength at different distances.
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FIGURE 14. Power measured at (a) Output port of the Antenna (b) Output port of the BPF (c) Output port of the matching
circuit (d) Output port of the LPF on the rectenna circuit, respectively.

TABLE 5. Summary of the power measured at various points in rectenna
circuit.

Complete measurement setup is shown in Fig. 15, where
both the fabricated patch antenna and rectenna circuit are
visible with the R&S spectrum analyzer and signal generator.
The fabricated rectenna circuit is initially placed close to the
RF signal generator to receive the maximum signal strength
and then moved away from the RF signal generator with the
step-size of 2-inches.

Secondly, similar measurement is carried out, but this time
USRP along with the fabricated MPA is used as a transmitter.
In this measurement setup, an RF tone signal at 2.42GHz is
generated via USRP/GNU Radio and power measurements
at different distances are carried out with an step-size of
2-inches. Fig. 16 compares the power vs. distance graph of the
rectenna circuit. It can be clearly observed from Fig. 16 that

the power is reduced as the rectenna is moved away from the
source transmitting antenna. It is also important to note that
our designed patch antenna performs better than the COTS
2.4GHz antenna of the USRP as more power is radiated out
as depicted in Fig. 16.

The rectenna is also tested at an elevated and depressed
level. For this measurement setup, the USRP is initially tuned
to 2.4GHz using the GNU Radio. Then, the USRP is placed
at an elevated position with respect to the rectenna circuit
and the power received on the rectenna circuit is measured.
Similarly, another measurement is carried out by placing the
rectenna circuit at an elevated position with respect to the
USRP and then the power received on rectenna circuit is again
measured. The results of these scenarios are summarized
in Table 6. It can be seen from Table 6 that the rectenna gives
good power in both the cases.

C. DISCUSSION
This paper has proposed, designed and fabricated a low-cost
2.4GHz RF energy harvester (rectenna) for next generation
energy harvesting and IoT applications.

For the proof-of-concept, the rectenna circuit is char-
acterized using two different type of measurement setups.
The USRP and GNU Radio are employed to measure the
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FIGURE 15. Power measurement setup of the rectenna circuit at different distances.

TABLE 6. Rectenna Power measurement at different positions.

FIGURE 16. Measured power-distance graph of the rectenna’s circuit.

received RF power with the help of R&S spectrum analyzer.
The maximum received power from the rectenna circuit was
in the range of −62dBm (6.31 × 10−7 mW) to −64dBm
(3.98× 10−7 mW). It is important to note that the power level
achieved by using the currently proposed rectenna circuit is
low but it is enough for the proof-of-concept.

In order to power up an IoT device, the current low-cost
rectenna circuit design can be further improved in future for
better output efficiency. One way to achieve this is by using
two identical rectifiers consisting of voltage doubler topology
as proposed in [34]. An alternate method would be to use a
low-loss substrate for the rectenna prototype which may lead
to a more compact and efficient design. This will be subject
to future work.

TABLE 7. Power consumption of different household and personal
devices.

In order to power up an IoT device, it is important to know
the power consumed by the sensors which are part of the
IoT system. The power consumption of different household
and personal devices/sensors which make an IoT system is
summarised in Table 7. It can be observed from the data pre-
sented in Table 7 that power in the order of tens of microwatts
is required for household and personal IoT devices to work
properly. Other industrial-IoT sensors may require relatively
high power in milliwatts to work continuously.

Even with quite efficient energy harvester devices, it is
difficult to continuously deliver sufficient power to an IoT
sensor on an ongoing basis. One way to balance the energy
harvested with the power demanded by the IoT sensor is
to collect energy continuously, but operate the IoT sensor
terminal at intervals [33]. This can be implemented in next-
generation IoT systems by collecting the generated power in a
capacitor and execute sensor operation at intervals, resulting
in a method that balances the power generation with the
power consumption.

V. CONCLUSION
In this paper, a 2.4GHz RF energy harvester has been pro-
posed, designed and fabricated for the next generation energy
harvesting and IoT applications. The proposed rectenna cir-
cuit consists of a rectangular MPA, band-pass and low-pass
filters, matching circuit and a rectifier. Transmission-lines
and stubs are used for maximum power transfer between the
individual modules. The rectenna is fabricated using a low-
cost FR4 substrate and is found in a good agreement between
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the simulation and measurement results. The overall size of
the FR4 based rectenna is 285mm× 90mm with h= 1.6mm.
The design is simple, hence can easily be integrated with the
existing power-hungry IoT applications which is subjected
to future work. The designed antenna is efficient as the RF
power of −73dBm at 2.4GHz is received which is similar
to thecommercially available Wi-Fi antennas. The proposed
rectenna circuit demonstrates a very efficient behaviour as the
power received by the patch antenna is −62.8dBm, whereas
the available power at the output port is −64.4dBm. These
results suggest the rectenna circuit has an overall efficiency
of 97.5%. Hence, the rectenna is suitable for driving next gen-
eration of energy harvesting and IoT applications. As a future
prospect, we propose to make the designmore compact. Also,
a super-capacitor can be connected to the output port to store
DC power for future use [33].
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