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Abstract: WiFi energy harvesting is a promising solution for powering microsensors and microsys-
tems through collecting electromagnetic (EM) energies that exist everywhere in modern daily lives.
In order to harvest EM energy, we proposed a metamaterial-inspired antenna (MIA) based on the
resonant magnetic dipole operating in the WiFi bands. The MIA consists of two metallic split-ring
resonators (SRRs), separated by an FR4 dielectric layer, in the broadside coupled configuration.
The incident EM waves excite surface currents in the coupled SRRs, and the energy is oscillating
between them due to near-field coupling. By varying the vertical distance of the two SRRs, we may
achieve impedance matching without complicated matching networks. Collected EM energy can be
converted to DC voltages via a rectifier circuit at the output of the coupling coil. Measured results
demonstrate that the designed MIA may resonate at 2.4 GHz with a deep-subwavelength form factor
(14 mmx14 mmx1.6 mm). The WiFi energy-harvesting capability of the proposed MIA with an
embedded one-stage Dickson voltage multiplier has also been evaluated. A rectified DC voltage is
approximately 500 mV when the MIA is placed at a distance of 2 cm from the WiFi transmit antenna
with a 9 dBm transmitting power. The proposed compact MIA in this paper is of great importance for
powering future distributed microsystems.

Keywords: WiFi energy-harvesting; metamaterial; magnetic dipole; voltage multiplier

1. Introduction

With the rapid development of Internet-of-Things (IoT) applications and wireless sen-
sor networks (WSNs), the number of microsystem nodes is exploding exponentially [1-5].
It is not possible to replace/recharge all their batteries [6] or power the microsystems
by connecting electrical cables [7]. In order to meet the urgent demand for sustainable
energy supply, energy-harvesting technologies were developed [8]. A large number of
methods have been proposed to harvest ambient energy, such as wind energy [9,10], solar
energy [11-13], thermal energy [14,15], radio frequency (RF) energy [16,17], and kinetic
energy [18,19], among others.

Currently, WiFi systems are the most commonly used in wireless communication.
Electromagnetic radiation operating in the WiFi bands is becoming ubiquitous and would
be a potential environmental energy source [20-22]. If this RF energy can be efficiently
harvested to power microsystems and microsensors, WSN nodes will operate in the self-
power mode. Thus, we are able to save additional energy supplies to a large extent.

In recent years, harnessing WiFi energy is of great interest, and a lot of work has been
conducted to harvest WiFi energy efficiently [23-28]. In general, the most commonly used
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system architecture of a WiFi energy-harvesting antenna (rectenna) consists of a receiver
antenna, an impedance-matching network, an RF-DC rectifier, and other parts [16,29,30].
Among these components, the impedance of the system varies as a function of both input
power and frequency due to the nonlinearity of electrical components in rectifiers [31,32].
The energy-harvesting capability of the system is also easily affected by rectifier circuits
and loads [33]. Thus, the optimization process of the impedance matching circuit is compli-
cated, and impedance mismatching dramatically decreases the conversion efficiency [34].
At present, most wireless energy-harvesting modules have been designed with conven-
tional low-profile antennas [35]. Sun et al. proposed a 2.45 GHz rectenna based on a
87 mm x 80 mm two-element dipole array, which showed a maximum conversion effi-
ciency of 83% with a load resistance of 1400 () [23]. Chandravanshi et al. developed a
2.45 GHz flexible rectenna system with a 92 mm x 70 mm dual-ring shaped monopole
antenna to generate 0.98 V at a distance of 20 cm from the horn antenna with a 9 dBm trans-
mitting power [24]. Wang et al. utilized a 31 mm x 18.5 mm patch antenna with a Koch
fractal slot structure to harvest 2.42 GHz RF signals, and the highest conversion efficiency
of the rectenna is 62% at the input power of 0 dBm [25]. Advanced microsystems and small
wireless network nodes require miniaturized WiFi energy-harvesting units. However, the
antenna size has become a major factor limiting the miniaturization of microsystems [36].
Therefore, the size of antennas needs to be reduced.

Metamaterials provide a design paradigm to achieve compact and electrically small
antennas [37-41]. Metamaterials consist of subwavelength unit cells to obtain artificial
electromagnetic properties, such as negative refractive indexes, zero refractive index, in-
visibility cloaking, and so forth [42—45]. As a classical metamaterial unit cell structure,
split-ring resonators (SRRs) exhibit effective magnetic permeability due to the magnetic
dipole-like response, which can generate loop currents under the excitation of the mag-
netic component of incident EM waves [46—48]. SRRs have been adopted as a design for
electrically small antennas that coils up the conductors in a limited space [49]. For a pair
of SRRs in the broadside coupled configuration, the near-field interaction will modify
the resonant response of the single, constituent SRR and induce mode splitting [50-52].
Therefore, the antenna inspired by broadside coupled SRR may exhibit tunable impedance
when adjusting the coupling strength between the two SRRs.

In this paper, we proposed a metamaterial-inspired antenna (MIA) that consists of
broadside coupled SRRs. One of the SRRs acts as a resonant magnetic dipole, while the
other one is a coupling coil that connects a rectifier circuit. The SRRs are separated by the
FR4 substrate. We demonstrated an approach to tune the MIA impedance by adjusting the
coupling factor between the SRRs. An equivalent circuit model (ECM) was proposed to ex-
plain the observed behavior. The overall volume of the MIA is 14 mm x 14 mm X 1.6 mm.
The characteristic of energy harvesting is verified by both simulated and experimental
results. Such an MIA with a single-stage voltage multiplier can supply power over 50 pW
for a 1 KO load resistor at the 2 cm distance from the WiFi antenna, which enables an
efficient WiFi energy harvester for low power consumption microsystems and microsensors.
We present an endeavor to design an electrically small resonant antenna structure and
optimize the RF-DC energy conversion circuit, expanding the practical applications of WiFi
energy harvesters.

2. Design and Methods
2.1. Metamaterial-Inspired Antenna Design

The designed MIA consists of a resonant magnetic dipole (SRR1), coupling coil (SRR2),
and FR4 substrate, as shown in Figure 1a. Both the resonant magnetic dipole and coupling
coil are identical square SRRs. The two SRRs are placed in parallel on the upper and lower
sides of the FR4 substrate, and their gaps are rotated 180° to each other, forming a broadside
coupled configuration. As shown in Figure 1b, the resonant frequency of the MIA can
be tuned to cover a relatively wide range in the WiFi band by changing the side length
of the SRR.
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Figure 1. (a) The illustration of the presented metamaterial-inspired antenna (MIA). (b) Simulated
and calculated reflection coefficients of the MIA with various lengths of SRRs (I,). (c) The simulated
electric field distribution in the plane of resonant magnetic dipole (SRR1). (d) The simulated surface
current in the plane of coupling coil (SRR2).

When the EM wave is incident, the magnetic field component along the y-axis as
shown in Figure 1a may excite oscillating current in the resonant magnetic dipole (SRR1).
Strong enhancement of the electric field is confined at the gap area, as shown in Figure 1c.
As shown in Figure 1d, surface currents can be excited in the coupling coil (SRR2) due
to the strong near-field coupling between two SRRs. The induced oscillating current in
SRR2 can be converted to the DC voltage utilizing the rectifier circuit for harvesting the
wireless energy.

The electromagnetic responses of the MIA were studied by the numerical simulation.
Figure 2a illustrates the schematic of the simulation model, which is composed of a WiFi
transmitter antenna and an MIA. The transmitter antenna was modeled by an electric
dipole antenna consisting of a single thin cylinder modeled as a perfect electric conducting
(PEC) material with a total length of ~ A/2. A gap was formed in the PEC cylinder as port
1 for feeding the excitation. In the numerical model, the distance between the center of the
MIA and the transmitter antenna is 10 cm. The SRRs are modeled by 50-pum-thick copper.
The electric conductivity of copper is 5.8 x 107 S-m~!, and the dielectric constant of the FR4
substrate is 4.3. The reflection coefficient of the MIA (S22) was simulated for various side
lengths of SRRs. As shown in Figure 2b, the resonant frequency shift from 1.98 to 2.8 GHz
as the side length decreases from 9 to 13 mm. At the same time, the minimum value of
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the MIA reflection coefficient (522) fluctuates within a range of less than 0.15. The design
parameters of the optimal MIA with a resonant frequency of about 2.4 GHz are shown

in Table 1.
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Figure 2. (a) The simulation model to analyze the RF characteristics of the MIA. (b) Simulated
minimum of the reflection coefficient of the MIA, i.e., minimum of S22, and resonant frequency of the
MIA versus length of SRR (I,). (c) Simulated 522 and (d) transmission coefficient (521) versus the gap
of SRRs (gap). (e) Simulated S22 and (f) S21 versus thickness of FR4 substrate (f;).
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Table 1. Design parameters of the optimal MIA.

Parameters Symbol Value
Length of PCB board I 14 mm
Length of SRR I 10.5 mm
Line width of SRR w 0.5 mm
Gap of SRR gap 0.8 mm
Thickness of copper wire t 50 pm
Thickness of FR4 substrate tr 3.1 mm

In addition to the side length, the gap of SRRs is another parameter that affects the
resonant frequency. As depicted in Figure 2c, the resonant frequency increase from 2.34 to
2.49 GHz when the gap of SRR is changed from 0.4 to 1.6 mm. The reflection amplitude at
the resonant frequencies is almost constant for various gap sizes, indicating that the gap
has little effects on the MIA impedance at the resonant mode. Thus, the resonant frequency
can be finely tuned without influencing the amplitude of 522.

By changing the thickness of the FR4 substrate (¢;) with a 0.1 mm incremental step,
we can investigate the effect of the interaction between the coupling coil and the magnetic
dipole, as shown in Figure 2e f. It can be seen that the minimum value of S22 first decreases
to 0.01 and then increases, as t, increases dramatically from 1 to 6 mm. An optimal
impedance match is achieved when t; = 3.1 mm. The change is mainly due to the fact
that the coupling strength of the resonant magnetic dipole and coupling coil is affected by
> [53].

2.2. MIA Modeling

The equivalent circuit model (ECM) of the MIA, as shown in Figure 3a, was built
and employed to analyze the MIA response. The magnetic dipole and coupling coil can
be simplified as a circuit with a serially connected resistor, inductor, and capacitor. All
electrical parameters are assumed to be identical in two since they have identical SRR
structures, i.e., R{ =Ry, =R, L1 =Ly =L, and C; = C, = C. The self-inductance L of a metallic
SRR can be calculated by the Neumann model [54], which is

3
_pol ) (] INqqwy 2 (1N w (Prw?)?
L—47T 2sinh <w>+2(w sinh (l>+3 - —i—l T 1)

where ji is the permeability of the vacuum, [ is the total length of the SRR (I = 4l, — gap),
and w is the linewidth of the SRR.
The mutual inductance M, between the inductor may be calculated by:

Myy = kv/I Ly = kL @)

where k represents the coupling coefficient. The coupling coefficient can be tuned by
varying the distance between L; and L,.
Equations (3) and (4) can be obtained based on Kirchhoff’s law [55]

jwMuiz + (Ry + jwly )iy = Vi 3)
Ry + jwL +Li+'wMi—O 4)
2T Jwla oG 2 T JwMply =

where w is the operation frequency in radians, i1 and 7, are the currents inside the magnetic
dipole and coupling coil, respectively, and V7 is the voltage across the magnetic dipole.
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Figure 3. (a) Lumped circuit model of the MIA. (b) Calculated reflection coefficient (r) versus
capacitances and frequency. (c) Calculated r values versus coupling coefficient and frequency. (d) The
reflection spectrum with three coupling coefficient values are selected and plotted (k = 0.2, k = 0.5047,
and k = 0.65). The calculated k of the optimized MIA is 0.5047 and its resonant frequency is 2.413 GHz.

The input impedance Z;, of the MIA can be derived by solving the above equa-
tions [55]; that is

R —2w?RCL + jw[R*C + L — w?L?C(1 — k?)]

- 5
"1 — w?(2LC + R2C2) + w*L2C2(1 — k2) + jw(2RC — 2w2RLC?) ©)
The reflection coefficient r can be calculated by [56]
Zin —Rs
— S 6

where R; is the source impedance equal to 50 Q). The calculated reflection coefficient may
fit the simulation result well, indicating that the ECM is sufficiently accurate to model
the MIA response. For our designed MIA, self-inductances L were 46.216 nH calculated
by Equation (1). Then, the values of the circuitry parameters were retrieved from fitting
the simulated reflection coefficient by Equations (5) and (6). Calculated resistances R,
capacitances C, and coupling coefficient k were 10.46 ), 0.1266 pF, and 0.5047, respectively.
As shown in Figure 3b, the increase in capacitances (0.115-0.135 pF) contributes to a near-
linear increase in resonance frequency without changing the value of the r dip (~0.01).
Thus, the proposed ECM can be used to explain the influence of gap on the reflection
coefficient shown in Figure 2c.
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To further reveal the relationship between the MIA reflection response and the near-
field coupling of two SRRs, the reflection coefficients for various coupling coefficients k are
investigated using the ECM, as shown in Figure 3c. As the coupling coefficient increases
from 0 to 1, the resonant frequency blueshifts, and the reflection coefficient at the resonant
frequency, or namely the r dip, reaches a minimum at a specific coupling coefficient, show-
ing a similar trend with Figure 2e. As shown in Figure 3d, the MIA reflection spectra with
three different coupling coefficients (k = 0.2, k = 0.5047, and k = 0.65) clearly demonstrate
the shift of the line shape. The value of r dip is minimum and approaching zero for the
critical coupling coefficient, i.e., k = 0.5047, indicating a perfect impedance match. When
the coupling coil and magnetic dipole are weakly coupled (k = 0.2) and strongly coupled
(k = 0.65), the minimum value of r dip becomes larger. Therefore, impedance matching
can be achieved by optimizing the distance of two SRRs, which is related to the coupling
coefficient k.

2.3. System-Level Simulation of the Energy Harvester

The EM energy-harvesting system is simulated using the numerical model in connec-
tion with the SPICE model in CST Microwave Studio, as shown in Figure 4a. A sinusoidal
signal with a tunable resonant frequency (2-2.8 GHz) is fed to the excitation port in order
to mimic the WiFi source. The wireless energy is transmitted from the dipole antenna, and
the energy is harvested by the MIA.

CST numerical model

SPICE model
| 1-stage Dickson voltage muplier |
é C1 D2 é
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Figure 4. (a) The system-level simulation model to analyze the wireless energy-harvesting capability
of MIA. Simulated output DC voltage (open circuit) versus frequency under different transmitting
powers: (b) —10 dBm, (c) —5 dBm, (d) 0 dBm, (e) 1 dBm, (f) 5 dBm, and (g) 9 dBm.
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In addition, a single-stage Dickson voltage multiplier was integrated with the coupling
coil to obtain a direct current (DC) voltage via the rectification effect [57]. Herein, we
describe the operation mechanism of the rectifier circuit. When the input alternative current
(AC) signal is negative, the capacitor C; is charged through the diode D;. When the input is
positive, Dy is turned off and D is turned on; thereby, C; is charged. Thus, we may obtain
a DC output voltage with a level of the AC magnitude by the repeatedly charging process.
Both C; and C; in Figure 4a are 100 pF. Schottky diodes (SMS7630-061) with low threshold
voltage (0.34 V) are chosen as D; and D, due to the low amplitude of the RF signal received
from the WiFi antenna. Owing to manufacture processing limitations, the actual thickness
of FR4 substrates (t,) is 1.6 mm in the fabricated MIA. In order to reflect the loss in the FR4
substrate, the dielectric constant of FR4 is 3.4 and the tangent loss is 0.022 in the system
level simulation.

The wireless energy-harvesting capability of the system is evaluated by utilizing the
system-level simulation model, as shown in Figure 4b—g. The rectified voltage peaks at
the resonant frequency of the MIA, which is approximately 2.425 GHz, and the voltage is
sensitive to the frequency of the input signal. When the transmit power is less than 0 dBm,
the maximum voltage output is less than 150 mV. A high transmit power is required to
ensure that the MIA rectifies sufficient voltages. As the distance between the WiFi transmit
antenna and the MIA becomes larger, the DC voltage output by the rectifier circuit under
the condition of different transmit powers gradually decreases. When the distance is 2 cm
and transmit power is 9 dBm, the maximum output DC voltage is about 525.6 mV. When
the distance is 10 cm and the transmit power is 9 dBm, the output DC voltage is ~24.45 mV.

3. Results and Discussion
3.1. Open-Circuit Output Characteristics

We fabricated the MIA using the standard printed circuit board (PCB) process and
soldered the rectifier circuit. Figure 5a shows a photograph of an experimental setup
for the output voltage of a WiFi energy-harvesting MIA. A commercial WiFi antenna
was connected to the output port of a vector network analyzer (Agilent E8361A) by a
co-axial cable. The RF electromagnetic signal was emanated from the WiFi antenna, and its
operating frequency can be tuned by configuring the vector network analyzer. The wireless
energy-harvesting MIA was attached on a 3D-printed holder. The MIA was placed at a fixed
distance from the WiFi antenna, and the rectified DC voltage at the MIA was measured
using an oscilloscope. The type of digital oscilloscope we used is Tektronix TBS2000B, and
its input impedance is 1 MQ). The size of the MIA PCB board is 14 mm X 14 mm.

To confirm the resonance frequency of the proposed MIA harvester, we investigated
its open-circuit output voltages by changing the operating frequencies in the range from
2 to 2.8 GHz with a step of 0.025 GHz. The distance between the MIA and the WiFi antenna
was 2 cm. The measurement results and corresponding simulation results are plotted in
Figure 5c. According to the experimental results, the output voltage reaches its maximum
value (=500 mV) at a frequency of 2.425 GHz. The good agreement between the experiment
and simulation validates the system-level simulation.

In order to further characterize the energy-harvesting performance of the MIA, the
rectified output voltage of circuits was measured at different distances and input RF powers.
The distance between the WiFi antenna and the MIA harvester was changed from 2 to
10 cm with a step of 1 cm. The delivered power of the RF signal (2.425 GHz) was increased
from —2 dBm (0.6 mW) to 9 dBm (8 mW) with a step of 1 dBm. As shown in Figure 5d,
the output voltage increases as the input RF power increases. At a distance of 2 cm, the
maximum output DC voltage can reach 494 mV at an input RF power of 9 dBm. In addition,
the output voltage is greater than 100 mV at an input RF power of —1 dBm. The MIA
harvester does not affect the normal operation of the WiFi antenna due to its small size.

Figure 5e shows the rectified output voltage as a function of distance. As expected,
the rectified voltage drops as the distance increases. At a moderate distance of 6 cm, a DC
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voltage of 216 mV can be achieved at an input RF power of 9 dBm. The working distance
of the MIA can also be further increased if the transmit power increases.
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Figure 5. (a) Experimental setup for the output voltage of WiFi energy-harvesting MIA. (b) Schematic
diagram of the experimental setup. (c) Simulated (blue dotted line) and measured DC output voltage
spectrum (blue pentagram) of the MIA harvester. (d) The relationship between measured output
voltages and input RF powers for different distances. (e) The relationship between measured output
voltages and distance under conditions of different input RF powers. The experimental results and
polynomial fitting results are represented by dotted lines and markers, respectively.

3.2. Load Effect of the MIA Harvester

After measuring the open-circuit voltage of the MIA harvester, various resistive loads,
including 1 KQ, 3 KO, 10 KQ and 30 K, were added to the output port of the rectifier
circuit. The experimental setup shown in Figure 5a was also used to measure the voltage on
the load. Herein, the power of the transmitted RF signal was 9 dBm, and the frequency was
set to 2.425 GHz. As depicted in Figure 6a, the output DC voltage decreases from 225 to
9 mV as the distance increases from 2 to 10 cm. Among the four different load resistances,
a DC voltage of about 500 mV can be reached if the load resistance was 10 K and 30 KQ.
As shown in Figure 6d, the output DC voltage is more than 100 mV if the distance is 10 cm.
In addition, the calculated load current can be up to 0.2 mA if the resistance was 1 K(). In
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Figure 6. Measured output DC voltages and calculated output powers with different load resistances
at 2.425 GHz. (a) 1 KQ. (b) 3 KQ. (c) 10 KO. (d) 30 KO. The inset depicted the detailed schematic
diagram of PCB circuits with various resistors.

We calculated the output DC power (Pj,,;), which is defined as Pj,,y = Vozut / Rioad,
where V,,; is the output DC voltage and R,y is the load resistance. According to the
measured results shown in Figure 6, the MIA harvester demonstrated the capability of
harvesting the RF power in the WiFi band (2.425 GHz) and generated a rectified output
power of up to 50 uW for the 1 KQ resistance. It should be noted that this level of output
power is able to support the operation of the microsystem [58,59]. The output power of the
30 KQ) resistor was lower than that of the 1 K(Q) resistor because of the large resistance. The
performance of the presented MIA harvester in this paper is compared with previously
published works, as shown in Table 2. Based on the data presented in the table, the
proposed MIA is small and capable of collecting WiFi signals at 2.425 GHz for self-powered
microsystems and miniaturized IOT nodes.

The output voltage and power of the MIA harvester can be improved by increasing
the stages of the voltage multiplier in the rectifier circuit and optimized for specific load. A
Dickson voltage multiplier with three stages is demonstrated in Figure 7a. The voltages
in the cascaded structure of diode capacitors are not reset after each pumping cycle. Each
stage utilizes the voltage of its previous stage as a reference. As a result, the DC output
of a multi-stage Dickson voltage multiplier can be several times of the input amplitude.
When the distance is 2 cm and transmit power is 9 dBm, the maximum output voltage
is up to 2.62 V by a three-stage Dickson voltage multiplier, as shown in Figure 7b. A DC
voltage of this magnitude may be sufficient to power most electronic devices and systems.
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Moreover, an increased transmit power may improve the working distance of MIA in
practical applications.

Table 2. Performances for various wireless energy harvester in the RF band.

Authors Frequency Size Output Voltage (Transmit Power/Distance)
Hawkes et al. [40] 900 MHz >1600 mm? (5 x 1) <25V (15 dBm/NA)
Zhang et al. [21] 5.9 GHz >1900 mm? 250 mV (3 dBm/2.5 cm)
Sun et al. [23] 2.45 GHz 6960 mm? <25V (5dBm/NA)
Lee et al. [41] 24 GHz >300 mm? 2 V (Mobile Hotpot/5 cm)
Chandravanshi et al. [24] 2.45 GHz 6440 mm? 0.98 V (20 dBm /20 cm)
This work 2.425 GHz 196 mm? 0.494V (9 dBm/2 cm)
3
— e 25¢ sim  fit
+ 1stage * ——
o | 2stage ® ——
g Jstage m —
o
215
Vout £
1 L
0.5F
o 0

Distance (cm)

(b)

Figure 7. (a) The schematic of the N-stage Dickson voltage multiplier (N =1, 2, 3). (b) Simulated
output DC voltage (open circuit) versus distance under different stages of Dickson voltage multiplier.

4. Conclusions

We have developed a miniaturized WiFi energy harvester inspired by the resonant
magnetic dipole metamaterial. The MIA consists of two identical square SRRs, including
a resonant magnetic dipole and a coupling coil. The side length of two SRRs is 10.5 mm,
which is less than 0.1 A. Under the excitation of the EM wave, an oscillating current will
be induced in the resonant magnetic dipole. The impedance matching can be achieved by
changing the thickness of the FR4 substrate to tune the near-field coupling of the SRRs. An
analytical ECM was built to unveil the effect of the near-field interaction. Therefore, we
provide a simple and effective solution for impedance matching instead of complicated
matching networks. In addition, the ability to harvest WiFi energy was studied using
numerical simulation and verified experimentally. At a distance of 2 cm from the WiFi
transmit antenna (9 dBm), an output DC voltage of approximately 0.5 V can be measured
after being processed by a single-stage Dickson voltage multiplier. The MIA proposed in
this paper paves a pathway to power microsystems for many potential applications.

Author Contributions: Conceptualization, Z.S. and X.Z.; Data curation, Z.S., X.Z. and Z.M.; Formal
analysis, Z.S., X.Z. and H.Z.; Funding acquisition, X.Z.; Investigation, Z.S., L.Z. and Z.M.; Methodol-
ogy, Z.S., X.Z. and H.Z.; Project administration, R.Y., W.L., Z.Y. and ].Z.; Software, Z.S., X.Z. and H.Z.;
Supervision, X.Z., Z.Y. and J.Z.; Validation, X.Z.; Visualization, R.Y.; Writing—original draft, Z.S. and
X.Z.; Writing—review & editing, X.Z. and J.Z. The manuscript was written through contributions of
all authors. All authors have read and agreed to the published version of the manuscript.



Sensors 2022, 22, 6523 12 of 14

Funding: This work is funded by the National Key Research and Development Program of China
(No. 2021YFB2011800). This work is partially supported by the Beijing Natural Science Foundation
(No. 4222068). We would like to extend our appreciation to Tsinghua University-China Mobile
Communications Group Co., Ltd. Joint Institute. X.Z. acknowledges the startup funding from
Tsinghua University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mishu, M.K.; Rokonuzzaman, M.; Pasupuleti, ].; Shakeri, M.; Rahman, K.S.; Binzaid, S.; Tiong, S.K.; Amin, N. An Adaptive TE-PV
Hybrid Energy Harvesting System for Self-Powered IoT Sensor Applications. Sensors 2021, 21, 2604. [CrossRef] [PubMed]

2. Chandrasekaran, K.T.; Agarwal, K.; Nasimuddin; Alphones, A.; Mittra, R.; Karim, M.F. Compact Dual-Band Metamaterial-Based
High-Efficiency Rectenna: An Application for Ambient Electromagnetic Energy Harvesting. IEEE Antennas Propag. Mag. 2020,
62, 18-29. [CrossRef]

3.  Sharma, PK;; Jeong, Y.-S,; Park, ].H. EH-HL: Effective Communication Model by Integrated EH-WSN and Hybrid LiFi/WiFi for
IoT. IEEE Internet Things |. 2018, 5, 1719-1726. [CrossRef]

4.  Shafique, K.; Khawaja, B.A.; Khurram, M.D; Sibtain, S.M.; Siddiqui, Y.; Mustaqim, M.; Chattha, H.T.; Yang, X. Energy Harvesting
Using a Low-Cost Rectenna for Internet of Things (IoT) Applications. IEEE Access 2018, 6, 30932-30941. [CrossRef]

5. Costanzo, S.; Venneri, F. Polarization-Insensitive Fractal Metamaterial Surface for Energy Harvesting in Iot Applications. Electron.
2020, 9, 959. [CrossRef]

6.  Sadowski, S.; Spachos, P. Wireless Technologies for Smart Agricultural Monitoring Using Internet of Things Devices with Energy
Harvesting Capabilities. Comput. Electron. Agric. 2020, 172, 105338. [CrossRef]

7. Ryu, H; Yoon, H.J.; Kim, S.W. Hybrid Energy Harvesters: Toward Sustainable Energy Harvesting. Adv. Mater. 2019, 31, €1802898.
[CrossRef] [PubMed]

8. Mahmud, M.A.P,; Bazaz, S.R.; Dabiri, S.; Mehrizi, A.A.; Asadnia, M.; Warkiani, M.E.; Wang, Z.L. Advances in MEMS and
Microfluidics-Based Energy Harvesting Technologies. Adv. Mater. Technol. 2022, 7, 2101347. [CrossRef]

9. Fu, X; Bu, T; Li, C; Liu, G.; Zhang, C. Overview of Micro/Nano-Wind Energy Harvesters and Sensors. Nanoscale 2020,
12, 23929-23944. [CrossRef]

10. Nabavi, S.; Zhang, L. Portable Wind Energy Harvesters for Low-Power Applications: A Survey. Sensors 2016, 16, 1101. [CrossRef]

11. Yu, B.-Y.;; Wang, Z.-H.; Ju, L.; Zhang, C.; Liu, Z.-G.; Tao, L.; Lu, W.-B. Flexible and Wearable Hybrid RF and Solar Energy
Harvesting System. IEEE Trans. Antennas Propag. 2022, 70, 2223-2233. [CrossRef]

12.  Guo, L.; Wang, H. Non-Intrusive Movable Energy Harvesting Devices: Materials, Designs, And Their Prospective Uses on
Transportation Infrastructures. Renew. Sustain. Energy Rev. 2022, 160, 112340. [CrossRef]

13.  Zhang, Y,; Fan, Z.; Wen, N.; Yang, S.; Li, C.; Huang, H.; Cong, T.; Zhang, H.; Pan, L. Novel Wearable Pyrothermoelectric Hybrid
Generator for Solar Energy Harvesting. ACS Appl. Mater. Interfaces 2022, 14, 17330-17339. [CrossRef] [PubMed]

14. Siddique, A.R.M.; Mahmud, S.; Heyst, B.V. A Review of the State of the Science on Wearable Thermoelectric Power Generators
(Tegs) And Their Existing Challenges. Renew. Sustain. Energy Rev. 2017, 73, 730-744. [CrossRef]

15. Akhtar, F; Rehmani, M.H. Energy Harvesting for Self-Sustainable Wireless Body Area Networks. It Prof. 2017, 19, 32—40.
[CrossRef]

16. Lu, X.; Wang, P.; Niyato, D.; Kim, D.I.; Han, Z. Wireless Networks with RF Energy Harvesting: A Contemporary Survey. IEEE
Commun. Surv. Tutor. 2015, 17, 757-789. [CrossRef]

17.  Ghazanfari, A.; Tabassum, H.; Hossain, E. Ambient Rf Energy Harvesting in Ultra-Dense Small Cell Networks: Performance and
Trade-Offs. IEEE Wirel. Commun. 2016, 23, 38-45. [CrossRef]

18. Wang, S.; Lin, L.; Wang, Z.L. Nanoscale Triboelectric-Effect-Enabled Energy Conversion for Sustainably Powering Portable
Electronics. Nano Lett. 2012, 12, 6339-6346. [CrossRef]

19. Rome, L.C.; Flynn, L.; Goldman, E.M.; Yoo, T.D. Generating Electricity While Walking with Loads. Science 2005, 309, 1725-1728.
[CrossRef]

20. Naktong, W.; Ruengwaree, A.; Fhafthiem, N.; Krachodnok, P. Resonator Rectenna Design Based on Metamaterials for Low-RF
Energy Harvesting. Comput. Mater. Contin. 2021, 68, 1731-1750. [CrossRef]

21. Zhang, X,; Grajal, J.; Vazquez-Roy, J.L.; Radhakrishna, U.; Wang, X.; Chern, W.; Zhou, L.; Lin, Y,; Shen, P.C,; Ji, X.; et al. Two-
Dimensional Mos2-Enabled Flexible Rectenna for Wi-Fi-Band Wireless Energy Harvesting. Nature 2019, 566, 368-372. [CrossRef]
[PubMed]

22. Le, M.T.; Ngo, V.D.; Nguyen, T.T.; Nguyen, Q.C. Dual-Band Ambient Energy Harvesting Systems Based on Metamaterials for

Self-Powered Indoorwireless Sensor Nodes. Int. . Microw. Wirel. Technol. 2021, 1-9. [CrossRef]


http://doi.org/10.3390/s21082604
http://www.ncbi.nlm.nih.gov/pubmed/33917665
http://doi.org/10.1109/MAP.2020.2982091
http://doi.org/10.1109/JIOT.2018.2791999
http://doi.org/10.1109/ACCESS.2018.2834392
http://doi.org/10.3390/electronics9060959
http://doi.org/10.1016/j.compag.2020.105338
http://doi.org/10.1002/adma.201802898
http://www.ncbi.nlm.nih.gov/pubmed/30809883
http://doi.org/10.1002/admt.202101347
http://doi.org/10.1039/D0NR06373H
http://doi.org/10.3390/s16071101
http://doi.org/10.1109/TAP.2021.3118814
http://doi.org/10.1016/j.rser.2022.112340
http://doi.org/10.1021/acsami.2c00874
http://www.ncbi.nlm.nih.gov/pubmed/35384670
http://doi.org/10.1016/j.rser.2017.01.177
http://doi.org/10.1109/MITP.2017.34
http://doi.org/10.1109/COMST.2014.2368999
http://doi.org/10.1109/MWC.2016.7462483
http://doi.org/10.1021/nl303573d
http://doi.org/10.1126/science.1111063
http://doi.org/10.32604/cmc.2021.015843
http://doi.org/10.1038/s41586-019-0892-1
http://www.ncbi.nlm.nih.gov/pubmed/30692651
http://doi.org/10.1017/S1759078721001641

Sensors 2022, 22, 6523 13 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Hucheng, S.; Yong-xin, G.; Miao, H.; Zheng, Z. Design of a High-Efficiency 2.45-GHz Rectenna for Low-Input-Power Energy
Harvesting. IEEE Antennas Wirel. Propag. Lett. 2012, 11, 929-932. [CrossRef]

Chandravanshi, S.; Katare, K.K.; Akhtar, M.]. A Flexible Dual-Band Rectenna with Full Azimuth Coverage. IEEE Access 2021,
9, 27476-27484. [CrossRef]

Shi, Y,; Jing, J.; Fan, Y,; Yang, L.; Li, Y.; Wang, M. A Novel Compact Broadband Rectenna for Ambient RF Energy Harvesting. AEU
Int. . Electron. Commun. 2018, 95, 264-270. [CrossRef]

Sharma, R.; Mishra, R.; Ngo, T.; Guo, Y.X.; Fukami, S.; Sato, H.; Ohno, H.; Yang, H. Electrically Connected Spin-Torque Oscillators
Array for 2.4 Ghz Wifi Band Transmission and Energy Harvesting. Nat. Commun. 2021, 12, 2924. [CrossRef]

McSpadden, J.O.; Fan, L.; Chang, K. Design and Experiments of a High-Conversion-Efficiency 5.8-Ghz Rectenna. IEEE Trans.
Microw. Theory Tech. 1998, 46, 2053-2060. [CrossRef]

Khang, S.T.; Yu, JW.; Lee, W.S. Compact Folded Dipole Rectenna With RF-Based Energy Harvesting for Iot Smart Sensors.
Electron. Lett. 2015, 51, 926-928. [CrossRef]

Luo, Y,; Pu, L.; Wang, G.; Zhao, Y. RF Energy Harvesting Wireless Communications: RF Environment, Device Hardware and
Practical Issues. Sensors 2019, 19, 3010. [CrossRef] [PubMed]

Kadir, E.; Hu, A. A Power Processing Circuit for Indoor Wi-Fi Energy Harvesting for Ultra-Low Power Wireless Sensors. Appl.
Sci. 2017, 7, 827. [CrossRef]

Valenta, C.R.; Durgin, G.D. Harvesting Wireless Power. IEEE Microw. Mag. 2014, 15, 108-120. [CrossRef]

Awais, Q.; Jin, Y,; Chattha, H.T,; Jamil, M.; Qiang, H.; Khawaja, B.A. A Compact Rectenna System With High Conversion Efficiency
for Wireless Energy Harvesting. IEEE Access 2018, 6, 35857-35866. [CrossRef]

Assimonis, S.D.; Fusco, V.; Georgiadis, A.; Samaras, T. Efficient and Sensitive Electrically Small Rectenna for Ultra-Low Power RF
Energy Harvesting. Sci. Rep. 2018, 8, 15038. [CrossRef]

Doncheyv, E.; Pang, ].5.; Gammon, PM.; Centeno, A.; Xie, F.; Petrov, PK,; Breeze, ].D.; Ryan, M.P; Riley, D.J.; McN, N. The Rectenna
Device: From Theory to Practice (a Review). MRS Energy Sustain. 2014, 1, 1. [CrossRef]

Ullah, M.A; Keshavarz, R.; Abolhasan, M.; Lipman, J.; Esselle, K.P.; Shariati, N. A Review on Antenna Technologies for Ambient
RF Energy Harvesting and Wireless Power Transfer: Designs, Challenges and Applications. IEEE Access 2022, 10, 17231-17267.
[CrossRef]

Zhu, N.; Ziolkowski, RW.,; Xin, H. A Metamaterial-Inspired, Electrically Small Rectenna for High-Efficiency, Low Power
Harvesting and Scavenging at the Global Positioning System L1 Frequency. Appl. Phys. Lett. 2011, 99, 114101. [CrossRef]
Oumbé Tékam, G.T.; Ginis, V.; Danckaert, J.; Tassin, P. Designing an Efficient Rectifying Cut-Wire Metasurface for Electromagnetic
Energy Harvesting. Appl. Phys. Lett. 2017, 110, 083901. [CrossRef]

Alavikia, B.; Almoneef, T.S.; Ramahi, O.M. Electromagnetic Energy Harvesting Using Complementary Split-Ring Resonators.
Appl. Phys. Lett. 2014, 104, 163903. [CrossRef]

Ramahi, O.M.; Almoneef, T.S.; AlShareef, M.; Boybay, M.S. Metamaterial Particles for Electromagnetic Energy Harvesting. Appl.
Phys. Lett. 2012, 101, 163903. [CrossRef]

Hawkes, A.M.; Katko, A.R.; Cummer, S.A. A Microwave Metamaterial with Integrated Power Harvesting Functionality. Appl.
Phys. Lett. 2013, 103, 163901. [CrossRef]

Lee, W.; Park, H.; Kim, S.Y.; Park, S.M.; Kim, D.H.; Lee, H. Wireless-Powered VOCs Sensor Based on Energy-Harvesting
Metamaterial. Adv. Electron. Mater. 2021, 7, 2001240. [CrossRef]

Padilla, WJ.; Aronsson, M.T.; Highstrete, C.; Lee, M.; Taylor, A.].; Averitt, R.D. Electrically Resonant Terahertz Metamaterials:
Theoretical and Experimental Investigations. Phys. Rev. B 2007, 75, 041102. [CrossRef]

Schurig, D.; Mock, J.J.; Smith, D.R. Electric-Field-Coupled Resonators for Negative Permittivity Metamaterials. Appl. Phys. Lett.
2006, 88, 041109. [CrossRef]

Zhao, X.; Duan, G; Li, A; Chen, C.; Zhang, X. Integrating Microsystems with Metamaterials Towards Metadevices. Microsyst.
Nanoeng. 2019, 5, 5. [CrossRef]

Chang, Y.; Wei, J.; Lee, C. Metamaterials—from Fundamentals and MEMS Tuning Mechanisms to Applications. Nanophotonics
2020, 9, 3049-3070. [CrossRef]

Yen, TJ.; Padilla, W.J.; Fang, N.; Vier, D.C.; Smith, D.R.; Pendry, J.B.; Basov, D.N.; Zhang, X. Terahertz Magnetic Response from
Artificial Materials. Science 2004, 303, 1494-1496. [CrossRef] [PubMed]

Smith, D.R.; Vier, D.C.; Kroll, N.; Schultz, S. Direct Calculation of Permeability and Permittivity for a Left-Handed Metamaterial.
Appl. Phys. Lett. 2000, 77, 2246-2248. [CrossRef]

Lee, W.; Jung, Y.; Jung, H.; Seo, C.; Choo, H.; Lee, H. Wireless-Powered Chemical Sensor by 2.4 GHz Wi-Fi Energy-Harvesting
Metamaterial. Micromachines 2018, 10, 12. [CrossRef]

Alici, K.B.; Ozbay, E. Electrically Small Split Ring Resonator Antennas. J. Appl. Phys. 2007, 101, 083104. [CrossRef]

Ekmekdi, E.; Strikwerda, A.C.; Fan, K.; Keiser, G.; Zhang, X.; Turhan-Sayan, G.; Averitt, R.D. Frequency Tunable Terahertz
Metamaterials Using Broadside Coupled Split-Ring Resonators. Phys. Rev. B 2011, 83, 193103. [CrossRef]

Powell, D.A.; Lapine, M.; Gorkunov, M.V,; Shadrivov, 1.V,; Kivshar, Y.S. Metamaterial Tuning by Manipulation of Near-Field
Interaction. Phys. Rev. B 2010, 82, 155128. [CrossRef]

Zhao, X; Fan, K,; Zhang, J.; Keiser, G.R.; Duan, G.; Averitt, R.D.; Zhang, X. Voltage-Tunable Dual-Layer Terahertz Metamaterials.
Microsyst. Nanoeng. 2016, 2, 16025. [CrossRef] [PubMed]


http://doi.org/10.1109/LAWP.2012.2212232
http://doi.org/10.1109/ACCESS.2021.3058239
http://doi.org/10.1016/j.aeue.2018.08.035
http://doi.org/10.1038/s41467-021-23181-1
http://doi.org/10.1109/22.739282
http://doi.org/10.1049/el.2015.0138
http://doi.org/10.3390/s19133010
http://www.ncbi.nlm.nih.gov/pubmed/31288456
http://doi.org/10.3390/app7080827
http://doi.org/10.1109/MMM.2014.2309499
http://doi.org/10.1109/ACCESS.2018.2848907
http://doi.org/10.1038/s41598-018-33388-w
http://doi.org/10.1557/mre.2014.6
http://doi.org/10.1109/ACCESS.2022.3149276
http://doi.org/10.1063/1.3637045
http://doi.org/10.1063/1.4976804
http://doi.org/10.1063/1.4873587
http://doi.org/10.1063/1.4764054
http://doi.org/10.1063/1.4824473
http://doi.org/10.1002/aelm.202001240
http://doi.org/10.1103/PhysRevB.75.041102
http://doi.org/10.1063/1.2166681
http://doi.org/10.1038/s41378-018-0042-1
http://doi.org/10.1515/nanoph-2020-0045
http://doi.org/10.1126/science.1094025
http://www.ncbi.nlm.nih.gov/pubmed/15001772
http://doi.org/10.1063/1.1314884
http://doi.org/10.3390/mi10010012
http://doi.org/10.1063/1.2722232
http://doi.org/10.1103/PhysRevB.83.193103
http://doi.org/10.1103/PhysRevB.82.155128
http://doi.org/10.1038/micronano.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/31057825

Sensors 2022, 22, 6523 14 of 14

53.

54.
55.

56.

57.

58.

59.

Seren, H.R.; Zhao, X.; Chen, C.; Wang, C.; Zhang, X. Enabling a Microfluidic RFID Readout System via Miniaturization and
Integration. |. Microelectromechanical Syst. 2015, 24, 395-403. [CrossRef]

Bueno, M.A.; Assis, A K.T. A New Method for Inductance Calculations. J. Phys. D Appl. Phys. 1995, 28, 1802-1806. [CrossRef]
Duan, G.; Zhao, X.; Zhang, X. A Magnetically Coupled Communication and Charging Platform for Microsensors. J. Microelec-
tromechanical Syst. 2017, 26, 1099-1109. [CrossRef]

Liu, M.; Yang, Q.; Rifat, A.A.; Raj, V,; Komar, A.; Han, J.; Rahmani, M.; Hattori, H.T.; Neshev, D.; Powell, D.A.; et al. Deeply
Subwavelength Metasurface Resonators for Terahertz Wavefront Manipulation. Adv. Opt. Mater. 2019, 7, 1900736. [CrossRef]
Dickson, J.F. On-Chip High-Voltage Generation in Mnos Integrated-Circuits Using an Improved Voltage Multiplier Technique.
IEEE ]. Solid-State Circuits 1976, 11, 374-378. [CrossRef]

Kim, B.H,; Li, K; Kim, J.T,; Park, Y; Jang, H.; Wang, X.; Xie, Z.; Won, S.M.; Yoon, H.].; Lee, G.; et al. Three-Dimensional Electronic
Microfliers Inspired by Wind-Dispersed Seeds. Nature 2021, 597, 503-510. [CrossRef]

Iyer, V.; Gaensbauer, H.; Daniel, T.L.; Gollakota, S. Wind Dispersal of Battery-Free Wireless Devices. Nature 2022, 603, 427-433.
[CrossRef]


http://doi.org/10.1109/JMEMS.2014.2332254
http://doi.org/10.1088/0022-3727/28/9/007
http://doi.org/10.1109/JMEMS.2017.2708986
http://doi.org/10.1002/adom.201900736
http://doi.org/10.1109/JSSC.1976.1050739
http://doi.org/10.1038/s41586-021-03847-y
http://doi.org/10.1038/s41586-021-04363-9

	Introduction 
	Design and Methods 
	Metamaterial-Inspired Antenna Design 
	MIA Modeling 
	System-Level Simulation of the Energy Harvester 

	Results and Discussion 
	Open-Circuit Output Characteristics 
	Load Effect of the MIA Harvester 

	Conclusions 
	References

