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Abstract — This paper presents a novel dual-band ambi-
ent Wi-Fi energy harvesting system for an autonomous
wireless sensor node (AWSN) which operates indepen-
dently without other external power source. While con-
ventional wireless sensor nodes are employing batteries
with limited lifespans, an AWSN is supplied by har-
vested energy and does not require frequent battery re-
placement. Due to that reason, research on the energy
harvesting aspect of AWSNs has been carried out in-
tensively in recent years. By optimizing the matching
network, the proposed ambient Wi-Fi energy harvesting
system achieves a relatively good efficiency in dual-band
at 2.45 GHz and 5.8 GHz. The efficiency reaches a
peak at 47.45% and 42% at 2.45 GHz and 5.8 GHz,
respectively. The proposed idea is numerically and
experimentally demonstrated with the Wi-Fi source in
building.

Index Terms — Ambient RF Energy Harvesting, Au-
tonomous Wireless Sensor Node, Dual-band Rectenna.

L. INTRODUCTION

In recent years, rapid development of wireless sen-
sor network promises a better change for life, it gives
rise to many useful applications: water monitoring, an-
imal monitoring, forest surveillance, pollution monitor-
ing, and military system [1, 2]. In order to deploy the
wireless sensor network (WSN) in real-life, there are
many issues that need to be resolved like communication
and information security, limited processing speed, reli-
ability, latency, and especially the power source [3, /4].
To operating continuously, power supply for the sen-
sor must be considered. Traditional power supply cords
are not suitable due to immobility. Using batteries also
has many disadvantages. The limited capacity of power
source causes many problems such as short operating
time, discontinuous data collection and transmission,
maintenance costs, or even environment pollution caused
by the batteries [5, 6]. Even though the lifetime of a

Submitted On: April 6, 2021
Accepted On: July 18, 2021

sensor node can last to several years, thanks to the rev-
olutionary development in low-power integrated circuit,
there is always an expiration date and the battery will
need to be recharged or replaced. For example, consid-
ering thousands of sensor nodes, covering a wide area
up to several square miles. Collecting and replacing bat-
tery of one by one sin that case is nearly impossible and
will dramatically increase the financial strain on operat-
ing the wireless sensor system. Furthermore, various ap-
plications of WSN are deployed in remote areas, such as
forests, oceans, or on animal bodies, making any change
and replacement difficult. To solve these issues, several
energy harvesting techniques have been proposed as a
battery replacement or an additional second power sup-
ply. Known as a potential solution for the problem, en-
ergy harvesting has the potential to make wireless sensor
nodes completely autonomous [7]].

Conventionally, there are various sources to har-
vest from. Heat from geothermal or from daily opera-
tion [8 [9], mechanical vibration [10, [11], solar energy
[12[13] and electromagnetics energy [l14,[15,16] are typ-
ical examples. Among these candidates, electromagnetic
wave energy harvesting has been an especially promis-
ing direction. With the dramatic development of wire-
less communication system, the electromagnetic energy
always exists in the ambient environment. Meanwhile,
other sources such as heating, mechanical vibration, or
solar energy are not always stable. RF energy harvesting
utilizes the RF waves which readily exists in the ambi-
ent environment in the form of modulated signal such as
Wi-Fi, GSM, 3G, 4G, and 5G with very low-input power
(from -20 dBm to 0 dBm). In such RF energy harvesting
systems, the most important component is rectenna. A
rectenna consists of an antenna and a rectifying circuit.
It was first invented by William C. Brown [[17]], inspired
by various experiments of Nikolas Tesla about wire-
less power transfer [18]]. Various research in RF power
harvesting [[19] have proved that harvesting and commu-
nicating can share the same set of antennas. However,
low-power density of RF waves in the ambience leads to
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poor conversion efficiency from RF power to DC power.
Consequently, pursuing high efficiencies is the highest
priority for any research in rectenna design.

In recent years, efforts have been done to enhance
the conversion efficiency [20], such as using spin diode
and backward tunnel diode [21]], optimizing based on
signal waveform studies [22], harmonics processed [23],
and eliminating the matching circuit [24)]. In [25] and
[26], the authors focused on the antenna designs to
achieve complex impedances which matched with the in-
put impedances of the rectifiers, eliminating the losses
from matching circuit. This method enhances the con-
version efficiency of rectenna and rectifier. However, the
flexibility of this rectifier is limited and not suitable with
the majority kinds of antenna which are mostly designed
with 50 Ohm standard characteristic impedance.

In this study, for sensor nodes in building, the most
suitable ambient RF source to harvest is the Wi-Fi at
2.45 GHz and 5.8 GHz which are ubiquitous and yield
high-power density. This work proposes another method
for adroitly eliminating matching circuit for loss reduc-
tion, by optimizing the geometry of each microstrip
line in rectifier circuit, and to achieve 50 Ohm standard
impedance. Section II presents the proposed dual-band
rectifier and rectenna design as well as analysis. Section
III provides the results and discussion for the fabricated
and simulated structure compared with the related works.
Finally, Section IV summarizes and concludes the paper.

II. DUAL-BAND RECTIFIER AND
RECTENNA DESIGN

A common rectenna consists of three main parts:
Antenna, Rectifier and Load, as shown in Figure E}
Rectenna firstly uses the antenna for receiving RF inci-
dent power from the environment. This power is then
delivered to the Rectifier and converted to the DC power
and consumed in the Load.

To evaluate a rectenna or rectifier, we need to con-
sider how efficient the device can convert from RF power
to useful DC power. The conversion efficiency 1 of
the rectenna and rectifier is used for this purpose. For
the rectifier, it is defined as the ratio of the output DC
power and the input power of the rectifier, as shown in
Equation (T)):

2

\% 1
x 100% =—24LC v~ x 100% ,
Rlaad PinJ?ec (1)

where P,,;_pc and V,,; pc are the output power and out-
put voltage of the rectifier, R;,,4 is the load impedance,
Py._rec 1s the input power level of the rectifier.

For the rectenna, the conversion efficiency of a
rectenna (MNrecrenna) 18 defined as the ratio of the output
DC power and the incident power to the rectenna which
is corresponding with the spectrum of RF power in the

P, out_DC

Nrectifier=
in_Rec
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Fig. 1. Block diagram of a rectenna circuit.

environment (P;,), as shown in Equation (2)):

P, V2 1
out-DC y 100% =-2u-LC x " x 100%, (2)

inc load inc
where Py, is the input power level of the rectenna that
is corresponding with the radiated power from the Wi-Fi

modem in the real test.

Nrectenna=

A. Rectifier design

Rectifier is the most crucial part in a rectenna design.
A common rectifier for RF energy harvesting consists of
four main parts: RF Filter, impedance matching, AC to
DC conversion block, and DC filter as in Figure[l| The
most common rectifier structure is the half-wave recti-
fier (1 stage). This topology includes a single diode and
one capacitor for charging and discharging. It is simple.
Unfortunately, due to the power requirement on some ap-
plications, half-wave rectifier is not adequate. For this
reason, the voltage doubler (2 stage), full-wave (3 stage)
and multistage (4 stage) rectifiers are preferable due to
higher output voltage. However, using more diodes
increases the loss on each diode, reducing the total con-
version efficiency of the circuit. Figure [2| presents the
conversion efficiency of a rectifier at 2.45 GHz and 5.8
GHz corresponding to Wi-Fi based on IEEE 802.11.ac
standard with different configurations. It should be noted
that in this simulation, impact of power loss is investi-
gated with configurations of the half-wave, voltage dou-
bler, full-wave and multistage rectifier circuits using the
same load with the same incident power level to choose
the suitable rectifier configuration. The resistor of 1 kQ
is used for the investigation. As observed, each topol-
ogy will be only suitable for a specific range of input
power. In the range of the input power from —10 dBm
to 0 dBm, half-wave configuration can provide the high-
est conversion efficiency. However, as previously men-
tioned, voltage doubler can provide better output voltage,
which is extremely important for supplying electronic
devices operation. Therefore, to satisfy the requirements
of conversion efficiency and adequate output voltage,
voltage doubler configuration is chosen for the proposed
design.

The key part of AC-DC block is the rectifying
elements, which are usually Schottky diodes, transis-
tors, and CMOS schemes [27]]. All rectifier elements
are nonlinear and can produce harmonic signals. As
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Fig. 2. Simulated conversion efficiency of rectifying cir-
cuit at 2.45 GHz (a) and at 5.8 GHz (b) with different
configurations (Load R = 1 kQ).

shown in [28], the amplitudes of harmonic signals
significantly decrease the efficiency and the quality of
output DC power. Thus, eliminating harmonic products
is necessary for enhancing the efficiency of the whole
rectenna.

In the above fundamental rectifier structure, the ca-
pacitor positioned at the output also plays the role of a
DC filter. However, this DC filter can only eliminate a
small amount of harmonic products. Normally, DC fil-
ter based on microstrip technologies are preferred and is
employed in this design. To achieve the good filter char-
acteristic not only at 2.45 GHz and 5.8 GHz but also at
their second and third harmonics, the proposed design
uses three radial stub structures with different radii and
open angles, as shown in Figure 3 (a). At the funda-
mental frequencies, the simulated insertion loss of the
designed DC filter are 30.18 dB and 71.51 dB at 2.45
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Fig. 3. The designed DC filter (a) and simulated trans-
mission loss (b).

GHz and 5.8 GHz, respectively (Fig. 3 (b)). At the sec-
ond and the third harmonics of 2.45 GHz, the insertion
losses are 35.94 dB and 11.68 dB. For the 5.8 GHz, the
designed filter achieves 31.05 dB and 33.52 dB insertion
loss at the second and third harmonics, respectively. Due
to the fact that the third harmonics have the least effect
on the quality of the output [29], the insertion losses of
the designed DC filter are suitable. The efficiency of DC
filter will be proved by the total conversion efficiency of
rectifier in the following contents of this section.

To achieve as high conversion efficiency as possible,
impedance matching network should be carefully stud-
ied. This work proposes a simple method to eliminat-
ing the matching circuit and enhancing the conversion
efficiency. The input impedance of the rectifier is opti-
mized with stub length variation which is connected to
the shunted diode. Design progress can be summarized
as follows:

Step 1. Design the DC filter covering fundamental
and harmonic frequencies of 2.45 GHz and 5.8 GHz. The
CST and Advanced System Design simulator are co-used
for characterization of the DC filter’s performances.



Zz

~anten

. O
* y/ b6\ W
. \

R
DCfilter ~___

e T
%y s e s
01 2 3 4 5 6 77 48 i

Fig. 4. The proposed rectifier.
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Table 2: Comparison with the related works at the same
input power level

Ref. Diode Freq. Eff. Volt. Size
(MHz) (%) (V) (AxA)

[26] SMS7630 2450 35 N/A N/A

[30] SMS7630 1800 40 0.25 0.5x042
2450 33 0.22

[31] SMS7630 1800 25 03 03x03
2450 19 02 03x03

[32] SMS7630 950 31 03 N/A
1860 32 091

[33] HSMS2852 2450 45 - 06x073
5500 8*

[34] HSMS2860 24505000 12 0.352 0.97 x 0.68

4 0.174

This work HSMS2860 2450 47.4* 1.36* 0.28 x 0.4*

5800 42 1.28

*The results of only rectifier in proposed structure.

Table 1: Geometrical dimensions of entire proposed

rectenna

Parameter Ly Ly L3 Ly W
Value(mm) 5.2 1 3.5 8.4 1.1
Parameter 1% Ws Wy Ws R
Value (mm) 1.1 0.63 1 1.5 6
Parameter Ry R3 0, 0, 03
Value (mm) 10 12 70° 70° 80°
Parameter R4 Rs Ls Lg We
Value (mm) 17 23.2 15.9 15 2.4

Step 2. Design original rectifier following tradi-
tional method and observe the characteristic of design.
In our design, we optimized original rectifier with the
optimal load resistor of 3.9 kQ.

Step 3. Optimize the rectifier to achieve the best per-
formance in conversion efficiency, by optimizing the ge-
ometry of each microstrip line in the AC to DC section.
The major changes can be observed at the stub which
connects the shunted diode to the main line. Geomet-
rical dimensions of rectifier section (including the DC
filter parameters) are listed in the Table 1.

The HSMS-2860 diode of Avago Technologies is
used with low forward voltage (Vf), low series resis-
tance (R;). In general, the proposed design can achieve
good efficiency and higher voltage than other earlier
works. The detailed comparison of this work with previ-
ous works is given in the Table 2]

B. Antenna design

Figure [5] presents the simple dual-band ring an-
tenna which was designed for integration with the pro-
posed rectifier. The total dimension of the antenna
is 50 mm x 35 mm, using RO4003C dielectric sub-

a) b)

Fig. 5. The dual-band ring antenna in top (a) and bottom
side (b).
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Fig. 6. Simulated and measured reflection coefficient.

strate with 3.5 relative permittivity and 0.0027 loss
tangent.

Designed antenna is experimentally investigated
with a Keysight ES063A vector network analyzer. As
can be observed in Figures [6] and [7] full-wave simula-
tion and experimental results show a high agreement.
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Fig. 7. 3D radiation pattern of the ring antenna (a), simu-
lated and measured radiation pattern of the ring antenna
at 2.45 GHz (b) and 5.8 GHz (¢).

Specifically, —10 dB measured impedance bandwidth is
covered from 2.25 GHz to 2.75 GHz and from 5.45 GHz
to 6.25 GHz. The omnidirectional radiation patterns of
the dual-band antenna are presented in Figure[7] the an-
tenna achieves the peak gain of 2.37 dBi and 4.26 dBi
at 2.45 GHz and 5.8 GHz, respectively. Simulated and
measured 2D radiation pattern of designed antenna at
2.45 and 5.8 GHz are shown in Figures 7 (b) and (c),
respectively.

The proposed rectifier and rectenna was fabricated
by the low-cost chemical etching system in RF3I lab-
oratory, Hanoi University of Science and Technology
(HUST).

III. EXPERIMENTS AND DISCUSSION
A. Measurement results

Figure [§]shows the image of the dual band rectenna
prototype with the total dimension of 40 mm x 103 mm.
The measurement for harvested output voltage and con-
version efficiency was performed in the building environ-
ment. Figure 9 (a) shows the measurement setup, which
consists of three main parts: (1) RF source transmitter-
Wi-Fi router, (2) rectenna, and (3) oscilloscope to mea-
sure the DC voltage at the load of the rectenna. To
achieve different input power P;,, distance (d) between
rectenna and Wi-Fi router are changed. The Wi-Fi sig-
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Fig. 8. The dual-band rectenna prototype: front (a) and
bottom (b) view.
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Fig. 9.

Output voltage and conversion efficiency
measurement setup using Wi-Fi TP-link modem in the
building (a) and (b) actual rectenna DC output voltage
measured by oscilloscope.

nal radiated sources from a TP-link modem router in the
building operates at two frequency bands 2.45 GHz and
5.8 GHz.

The resulted output voltage and conversion effi-
ciency of rectifier and rectenna in simulation and mea-
surement is compared in Figures[T0Jand[TT} As observed,
the simulated and measured results are agreeable.

For the rectifier case in Figure the measurement
of the proposed rectifier has been carried out with several
antenna samples from RF3I laboratory. The proposed
design achieves the best performances at 2.452 GHz and
5.745 GHz. In particular, at 2.452 GHz, the proposed
rectifier achieves a 1.2 V output and 36.14% conversion
efficiency in simulation, while in measurement, they are
1.28 V and 42%. Meanwhile, at 5.745 GHz, the out-
put voltage and conversion efficiencies are 1.47 V and
54.26% in simulation and 1.36 V and 47.4% in measure-
ment.

The similarity remains with the results of simulation
and measurement of the proposed rectenna in Figure [T}
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Fig. 10. Simulated and measured output voltage (a) and
conversion efficiency (b) of the proposed rectifier.

At 2.452 GHz, the proposed rectenna achieves 1.21 V
output and 34.03% conversion efficiency in simulation,
while in measurement, these results are 0.77 V and
30.13%. At 5.745 GHz, the output voltage and rectenna
conversion efficiencies are 1.46 V and 53.55% in simu-
lation and 1.28 V and 42% in measurement. Obviously,
both the output voltage and conversion efficiency of the
proposed rectenna are smaller than these characteristics
of the proposed rectifier. The main reason is on the dif-
ference of antenna used in the measurement. While the
rectifier measurement was performed with several an-
tennas which were specially designed for each desired
frequency, the proposed rectenna uses a dual-band ring
antenna, whose performances in gain, efficiency, and
impedance bandwidth was carefully designed with var-
ious compromised. The harvested energy using the pro-
posed rectenna is enough to go to the storage circuit
which uses super-capacitors to power a wireless sensor
node.

B. Discussion

A comparison between the proposed structure and
several previous works on rectenna and rectifier is pre-
sented in Table[2] As observed, compared to the previous
works in [26] [30-33], the proposed structure has better
efficiency, much higher output voltage, and more com-
pact size. A plausible explanation is that the impedance
matching circuit has been reduced in our work. Mean-
while, the earlier works employ multiple open stubs,
shorted stubs, and radial stubs for this purpose [30] [32—
34]. Even a simple matching circuit, such as a single
inductor [31], can cause losses.
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Fig. 11. Simulated and measured output voltage (a) and
conversion efficiency (b) of the proposed rectenna.

The proposed rectenna is suitable for practical ap-
plications. In real life situations, it can be equipped with
a power management circuit. However, the integration
of this circuit causes additional losses and lowers the
overall efficiency [35]. This matter is reserved for future
works.

IV. CONCLUSION

This paper proposed a dual-band rectenna for Wi-
Fi energy harvesting system. The rectenna exhibited a
1.28 V output voltage and 42% conversion efficiency at
5.8 GHz and 0.77 V and 30.13% at 2.4 GHz from the
in-building experiment. This amount harvested energy
is enough for storage circuit which uses supercapacitors
to power a wireless sensor node. Due to this advantage,
the proposed rectenna can be used in practical applica-
tion, such as supplying low-power wireless sensors. For
that purpose, it has to be equipped with a proper power-
management circuit, which not only stores the power but
also boosts the output voltage to a suitable level, i.e., 3.3
VDC. This matter will be addressed in future works.
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