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Abstract: This paper shows the design process of a simplified harvesting circuit for WiFi at the
2.4 GHz frequency band based on the analysis of the environment available signals. Those signals
and their power level define an antenna design to maximize captured energy and select the proper
number of stages for a voltage multiplier so that an impedance matching network is no longer
required. With this, it is possible to maintain the harvester architecture simple without sacrificing
performance. The use of supercapacitors is preferred over batteries due to their high-power capacity,
the ability to deliver high peak currents, long-life cycle size, and low cost. Hence, supercapacitor
availability allows to devise a novel switching scheme that employs two units that favor energy use
and speed up the recharging process. The built harvester exhibits a power conversion efficiency
greater than 50% under an incident signal of 0 dBm in the rectenna. The tests are carried out in
an academic environment using a multi SSID router, collecting 494 m] without requiring special
modifications in the router used as an energy source.

Keywords: energy harvesting; WiFi; rectenna; network traffic; multi SSID; power management
switching scheme

1. Introduction

In the last two decades, there has been an increase in research aimed at different
techniques for harvesting energy from the environment, and in particular, those associated
with radio frequency (RF) signals known as RF energy harvesting (RF-EH), wireless energy
harvesting (WEH) or RF energy harvesting wireless communication (RE-EHWC) [1-3]. One
of the main objectives of such techniques is to use available energy from the environment
to be used to support the node power schemes for wireless sensor networks (WSN) and
Internet of things (IoT) systems [3,4]. Thus, it is desired to keep the devices running without
the use of batteries. The IoT schemes have seen significant research intending to make them
more energy-efficient, secure, and affordable. Thus, the concept of green information and
communication technology focuses on green RF identification (RFID) technology, green
sensor networks technology, green cellular networks, etc. IoT poses a high potential to
bolster environmental sustainability and economic with the advancements of enabling
technologies [5].

Dedicated sensors can be deployed in selected areas for data gathering and measuring
global and local desired variables. A sensor node contains several small, low-cost, and
low-power electronic devices such as a sensing unit, a storage unit, a processing unit,
and a communication unit [5]. However, the footprint and power autonomy for such
sensors usually are scarce. However, the sensors still need modules that allow them
the sharing of information and the requirement to protect the information that they are
sharing, for example, in a wireless sensor network (WSN) [5,6]. A tendency is to move the
complexity and power demand of dedicated communication units to central entities such
base stations or even employ mobile agents to visit the IoT sensors using UAVs to assuage
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the requirements for power operations [5]. However, the nodes need to have embedded
structures to protect the data since electronic attacks are unavoidable. Device-to-device
(D2D) protocols can be adopted in the sensor due to the reduced resources required for its
implementation [6].

Thus, the extraction and efficient use of energy to run all the processes involved in
an IoT becomes very important. In this regard, some of the works have focused on using
energy from RF signals such as radio, television, cellular phones, and WiFi due to the
massification of these technologies [7,8]. Among the investigations carried out, there are
examples of systems that even make simultaneous use of several frequency bands [9-12] to
take advantage of a greater spectrum which is reflected in greater energy collected.

Similarly, there are works aimed at energy harvesting in indoor and outdoor envi-
ronments [7,13-15] where outdoor solutions are generally applied to permanent carrier
signals, constant power, or transmission systems of the metropolitan area. In contrast, for
indoors, short-range systems and dynamic carrier power are used. This parameter presents
the most significant challenges from the design side. Some of the challenges presented in
this scenario are low energy levels in the environment, power dependency on the use of
the network, and non-linearity in the reception module of a harvester.

It is necessary to consider the different parameters of the target signal to develop an
energy harvesting system with RF signals, such as modulation, frequency, and power trans-
mission. In particular, for WiFi, signal emission regulations limit the power transmission
from a common access point (AP) or router to 20 dBm maximum, requiring the use of
multiple schemes to take advantage of these reduced levels present in the environment [16].
Besides, evaluating the WiFi signal transmission form establishes strategies that allow
better use of the available energy.

Thus, Reference [17] presents the design, development, and evaluation of a rectifier
circuit prototype to apply the energy collection of 2.45 GHz signals, obtaining an RF/DC
conversion efficiency of 68% at —10 dBm in simulation and 33% to —5 dBm of the built
prototype. Reference [18] presents the design of an RF energy harvesting system based on
three harvesters using three-panel antennas to cover three channels of the 2.4 GHz WiFi
band. The output of the three blocks is connected to a voltage multiplier circuit. It uses
a supercapacitor as a storage medium, collecting 0.45 V in 6 to 7 h, and then going to a
second conversion stage increases the output to 2 V. The work concludes that the proposed
system can supply power to electronic devices with a power consumption of less than
1 mW. In [13], the design of a WiFi energy collector for indoor use is described, which
operates at low incident power and conversion efficiency of 61%, managing to collect
1.67 m] of energy in an operation of 38 h on a 1 mF supercapacitor with a voltage of 1.8 V.

In [19], a collector is developed to feed a temperature sensor node and a camera at
5 m and 6 m, respectively; but requiring the modification of the router so that it transmits
between the silence spaces that occur due to the absence of network traffic, turning the
router into a dedicated power generator.

From state of the art, it could be stated that WiFi energy harvesting systems are
mainly focused on harvester development. From the authors knowledge, the works do not
concentrate on the effects of this technology transmission method, which influences the
collector performance and the amount of energy collected.

Thus, the purpose of this work is to consider both sides of the problem. On the one
hand, the nature of the WiFi signal is considered to explore approaches to better utilize the
energy available without requiring modifications on routers not considered as standard
configurations and operation of this equipment. Hence, in particular, the use of routers
or APs with multiple SSID is explored to increase the amount of energy harvested in low
traffic conditions given the nature of the WiFi technology. On the other hand, the harvesting
circuit is addressed to devise a system as simple as possible while maintaining adequate
performance. Thus, the so-called rectenna design and the power management system
are developed, emphasizing a simplistic architecture featuring low cost and low power
consumption. Therefore, at the end, a working prototype is developed to work in an actual
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environment (houses and buildings) and showing the potential to deliver enough energy
to operate electronic devices such as those employed for IoT-type systems even in cases of
low-traffic condition on a WiFi network.

2. WiFi Transmission Signal Behavior

It is important to check the WiFi transmission signal behavior to design an energy
harvester aimed properly. Thus, for a typical AP or router, the WiFi standard periodically
sends a signal called beacon [20], a packet containing router data information that allows
the users to connect to it. This pilot signal can be configured to be sent from the router every
40 to 1000 ms, a time known as the beacon interval (BI). By default, the Bl is configured to
100 ms. If there are no users connected to the router, the beacon signal becomes the only
signal emitted by the equipment. Figure 1 shows a WiFi signal in the time domain where
the only observed activity corresponds to the beacon signal since no users are connected to
the router. As observed, the Bl is set to 40 ms, and with no traffic, they are visible “periods
of silence” in the signal. Hence, in terms of available energy to harvest, the amount of it
recovered from the environment will be relatively low [19].

U+TE, B0E0=s

Amelll=1.544 © Aualll=4@.6ml) RMSL=328m.
CH1 £ S0Em.

Figure 1. WiFi signal without traffic with BI 40 ms.

On the contrary, Figure 2 shows the WiFi signal with the traffic demand by users
connected. In this case, the beacon signal is identified by the arrows, where the Bl is kept
equal to 40 ms. If the Bl is taken as the operation window for harvesting, it is clear that the
WiFi signal can be viewed as a PWM-like signal; therefore, it can be concluded that more
energy can be harvested with a significant amount of network traffic.
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Figure 2. WiFi signal with traffic.

Another important parameter in the operation of WiFi technology is that it works
by channels. There are 14 channels for the 2.4 GHz band, spaced 5 MHz apart, which
distribute them from 2.04 GHz to 2.72 GHz. According to the geographical area, 11 or
14 channels are used. Thus, the configuration of 11 channels is used in America, from
which Channels 1, 6, and 11 are primarily used. Usually, working with adjacent channels is
not preferred because each channel occupies a BW of 22 MHz; therefore, overlap generates
between them.

There is a metric known as RSSI (received signal strength indicator) in terms of
received power. An RSSI is defined as excellent to good for data connectivity if its value is
between —30 to —60 dBm; medium, between —60 to —75 dBm; low or very low, between
—75 to —85 dBm; and no connection if the RSSI is below —85 dBm. However, even excellent
and good RSSIs may not be sufficient from an energy-harvesting perspective since a signal
of —40 dBm is equivalent to only 100 nW, which cannot be efficiently harvested. The latter
is significantly more critical for WiFi technology, where the radiated power is variable
according to the transmitted packets and not a constant or stable radiation source (See
Figures 1 and 2).

As shown in Figure 3, the WiFi spectrum is packed for urban environments, and it
can be thought that the several WiFi signals would add, allowing harvesting more energy.
However, this would be only possible if such signals had considerable power levels and
have the same frequency (i.e., constructive interference). It is important to note that levels
below —40 dBm or —60 dBm only represent 100 nW to 1 nW. Thus, even if the signals add
to each other, it would still be very little energy, a scenario that is illustrated in Figure 4
with APs 1, 2, and 3. This is the typical scenario in WiFi energy harvesting since it is
unlikely to find APs installed at a single point or very close, making it difficult to take
advantage of energy from all the equipment. Likewise, it must be considered that the
antennas with higher gain (suitable for energy harvesting) are directive; therefore, not all
the signals will fall within their aperture unless there is an arrangement or configuration of
several antennas for this purpose.
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Figure 3. Presence of WiFi signal in urban environment.
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Figure 4. EH WiFi Scenario with Single SSID and Multiple. SSID APs.

The above provides a significant opportunity to target routers with multiple SSID
characteristics that can simultaneously broadcast several wireless networks, perceiving
themselves as 2, 3, or 4 carriers or different RF signals, as shown in Figure 4 for the AP4.
Thus, multiple SSID routers can be used to achieve more energy because signals effectively
add up, and it is possible to maintain a level of energy harvesting even when there is no
traffic on the network. Thus, if the operation window for harvesting is kept as the Bl for a
single SSID router (i.e., the operation window is kept the same for comparison); then, the Bl
for the other SSIDs becomes energy available for harvesting. Figure 5 shows the harvester
output signal exposed to WiFi signals with 1 and 2, 3, and 4 SSIDs, highlighting that the
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beacon signal for 4 SSIDs is equivalent to having a constant traffic rate a single SSID AP.
This fact can be evidenced in measurements using a spectrum analyzer, as observed in
Figure 6, where a denser frequency spectrum can be observed at the 2.4 GHz band for
multi SSIDs routers. The signal originating from a router with multiple SSIDs indicates
that more power can be obtained for the same bandwidth.
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Figure 5. Exposed harvester output WiFi signal with 1 and 2 SSID without traffic.
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Figure 6. Spectrum analyzer WiFi signal measurement for 1 and 4 SSIDs routers.

3. Typical RF-EH Harvester System

Figure 7 shows the essential components that comprise an RF energy harvesting
system: antenna, rectifier, and power management circuit.
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Figure 7. RF harvester block diagram.

The antenna is the component that allows the capture of RF energy from the environ-
ment, which makes it the interface element between the harvester and the environment on
which the RF energy is captured. For RF-EH systems, the predominant type of antenna is
sector type. The most extensive use of these antennas is for mobile communications, such
as WiFi, and they are used for limited-range distances. The antenna is designed taking as
reference parameters such as gain, frequency, and bandwidth that define the amount of
potential energy that could be harvested.

A block called impedance matching network follows, whose function is matching
the antenna and rectifier/multiplier impedances looking for reducing the losses due to
reflection (i.e., satisfy the maximum transfer power theorem).

Next, a rectifier is employed to single-polarize the perceived signal for DC conversion.
Since the obtained DC component is low, the rectifier is complemented with a voltage
multiplier (charge pump). The multiplier is described based on sensitivity, number of
stages, output voltage, and conversion efficiency. There are several configurations of
rectifier-multipliers. Among the most widely used are the Villard, Greinacher, Dickson,
and Cockroft-Walton configurations [21-23].

The antenna and rectifier/multiplier set are usually referred to as rectenna within the
RE-EH literature. Proper design and interoperation of the rectenna blocks are essential
to ensure high energy conversion efficiency (i.e., input and output powers as close as
possible).

Finally, a power management circuit (PMU) guarantees suitable power conditions for
the load given the energy harvested. For example, if the load requires a regulated or specific
voltage or the load requires specific running times. According to the design constraints, a
commercial or a tailored power management system can be employed. Finally, in terms of
the energy storage units, supercapacitors are preferred in EH WiFi systems due to their
power density characteristics associated with high loading and unloading speed, long-life
cycle, size, and low cost compared to batteries [24,25].

3.1. Antenna Design Considerations

A basic antenna used in RF-EH systems based on WiFi is the patch type mainly
because of its ease of PCB construction and its adaptability to different applications [26,27].
Other types of usable antennas are dipole, periodic log, and strip-loop [26,27]. An array
of patch antennas can be used to improve the harvester antenna performance. The patch
antenna is considered for the present work due to its simplicity of design and manufacture.

For the construction of patch antennas, Equations (1)—(4) are used to determine their
dimensions according to the required parameters [28].

A 2
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Equally important are the return loss parameters (from the S-parameters), VSWR, and
impedance adaptation. On the other hand, it is worth highlighting the effect of the incident
power value within the performance of the system, which is defined for a transmission
system according to Equation (5):

Lefec = 3)

2
pr = pt 9T 5)
(47td)°L

where Pr is the power that reaches the receiver, Pt is the power of the transmission system,
L is the losses associated with propagation in free space, Gt is the gain of the transmitting
antenna, Gr is the gain of the receiving antenna (in this case the rectenna), A is the wave-
length at the operating frequency, and d is the distance between the transmitter and the
harvester.

Materials such as Rogers RO4350, RO3206, RO6010, and FR-4 [29] are typically used to
manufacture the antenna, the latter preferred due to its low cost and acceptable performance
in the 2.4 GHz band [28].

3.2. Voltage Multiplier Approach

Voltage multipliers are electronic circuits that allow to rectify an AC signal and convert
it into a DC signal while increasing its voltage by a factor related to the number of stages of
its construction, based on the combination of rectifier diodes and capacitors. The multiplier
voltage output is given by Equation (6), where Vi corresponds to the input voltage to the
multiplier and 7 to the number of stages that comprises it,

Vo = 2nVi. (6)

In RF-EH WiFi, the diodes must generate the lowest possible voltage drop to reduce
losses. Thus, metal-semiconductor type (i.e., Schottky) diodes are preferred. This diode
type is also widely used in RF-EH systems due to its working frequency of up to 24 GHz.

Equation (7) is used to evaluate the antenna and voltage multiplier performance,
which corresponds to the power conversion efficiency and is given by the relationship
between the incident power on the antenna and the power that can deliver at its output,

Prr @)

HpCcE = .
Prxuv

Along with the efficiency, the sensitivity is defined as the minimum incident power
required for system operation, which is also adjusted to the load requirements [30].

3.3. Power Management Circuit

An adequate PMU becomes crucial for proper sensor operation. As the total equivalent
load changes, the supply system must provide a sufficient amount of power. DC-DC
converters are circuits that convert a DC voltage to a different DC regulated level with
high efficiency (>80%). According to the application, the DC-DC converters can increase or
reduce the output voltage compared to the input voltage. Some are also designed to find
the maximum power point (MPP) [31].

Given the WiFi signal nature, it is expected to require high charging /discharging rates,
which imposes speed requirements for a storage unit. Batteries can be an option; however,
the load probably could be inoperative for an extended period before use it. In this case,
the speed requirement for the storage unit can be satisfied with supercapacitors (SCs), if
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the loads to be fed with the harvested energy are selected to be ultra-low power. Thus,
defining the energy stored by a supercapacitor as

1
W= Ecvz, (8)

and considering a load working a 3.3 V and a SC equal to 220 mF, it is possible to feed a
load requiring 300 uW constantly for an hour. Thus, it is perfectly feasible to feed an IoT
temperature sensor with the SC stored energy. It is important to determine if that amount
of energy can be obtained from a WiFi signal radiated from an ordinary router (multi SSID,
as commented).

4. System Description
4.1. Antenna Design Concept

Given the low power received from an ordinary router and the ease of building patch
antennas, it is decided to work with a 2 x 1 array to keep the footprint as small as possible.
The dimensions and geometry of the array are shown in Figure 8. The total area for the
2 x 1 array equals 88.8 cm?.
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Figure 8. 2 x 1 array dimensions.

The design of the antenna array is carried out using the CST software. This tool
contains a module that allows adjusting antenna dimensions until it centers the desired
frequency of operation. The design process started from a rectangular patch obtaining
a gain of 3.7 dB; then, configuring an array, a total of 6.9 dB is reached, allowing higher
energy harvesting than the single patch (see Figure 9). Even though more patch antennas
can be added to configure a bigger array, extra patches increase the antenna footprint,
which cannot be attractive for IoT modules. As observed, the patches are lined up vertically
so that it agrees with signal transmission polarization.

The simulated S1; parameter shows —43.19 dB, which guarantees the highest incident
RF signal capture. It can be observed a 78% coverage of the 2.4 GHz WiFi band defining
a —10 dB bandwidth, which allows having optimal behavior in 2.437 MHz equivalent to
Channel 6. Figure 10 summarizes the simulated performance of the 2 x 1 array.
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4.2. Multiplier Design Concept

From the literature, it is possible to design the rectenna without an impedance coupling
network between antenna and multiplier.

When there are non-linear circuits like the rectifier, the impedance matching becomes
dynamic since the impedance of these circuit changes with the input power and frequency.
Therefore, the case can be further complicated if the load circuit is also non-linear since its
impedance would change with the same parameters. In general terms, the load coupling
process is influenced by component-value tolerances, errors associated with manufacturing
processes, among others [32].

A determining factor in the voltage multiplier corresponds to the number of stages that
make it up. The output voltage and input sensitivity are defined as the device can harvest
energy from the WiFi signal. Therefore, performance evaluation is required according to
the frequency of use, incident power, and load. Based on the analysis developed in [23],
from three multiplier topologies (Dickson, Cockroft-Walton, and Greinachert), the Cockroft-
Walton type multiplier is chosen.

Experimental tests are carried out with voltage multipliers of 4, 5, 6, 7, and 8 stages, and
the performance of each one is evaluated to define the number of stages. As commented,
Schottky diodes are selected to reduce voltage losses.

According to the simulations, the higher the number of stages, the higher the voltage
output; however, in practice, from a determined number of stages, no improvement in the
output will be obtained due to the little amount of available energy at the input affecting the
conversion efficiency. Therefore, the number of stages with the best possible performance
must be determined via testing.
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4.3. PMU Proposed Architecture

For the present application, a commercial device could be used as a PMU. These
available units have functions such as managing the charging and discharging of storage
devices, providing a regulated supply voltage to the components, and even generating an
alarm when the energy storage element approaches the end of its useful life [31]. However,
given the WiFi signal behavior, the present work proposes a switching unit using SCs that
can maximize the energy from the PWM-like waveform of WiFi and is sensitive enough to
respond to reduced time intervals such as the BI. Thus, the energy available for the load or
a following PMU, if required, is improved.

The switching scheme proposed is shown in Figure 11. The operation of the system is
based on the charge-discharge cycle of the two SCs. An SC, identified as CH or harvester
capacitor, remains connected to the rectenna charging with the harvested energy. A second
SC, labeled as CF or feeder capacitor, supplies power to the load (connected at S1A).
The two SCs are controlled by an SPDT-type electronic switch (ADG884) governed by a
microcontroller (12F675). The microcontroller compares the two capacitors voltage values
to generate a switching command to the SPDT to allow the transfer of energy from CH
to CF when a sufficient amount of energy Ae is available at CH. For recharging, CF is
disconnected from the load during a time ¢ (time necessary to guarantee the passage of
energy) and connected to CH. After the time ¢ has expired, the elements return to their
previous connections. Thus, CH receives power from the rectenna again; however, the
charging will not start from zero but the prior-step residual charge. CF returns to supply
energy to the load but with a higher Ae value than the beginning of the commutation.

-

:’ Antenna \E

5 i ADG 884

g g I

| : ¢

: Voltage 1 .

i M ultip lier i |

N J —CH -] RL
Rectenna J_ AN |

innn =
CTRL oy mANO
— 12F675 m_ |
32kHz C : :

|I|—’

. I

Figure 11. Proposed system block diagram.

A microcontroller is chosen to govern the switching process of the two SCs to ease the
switching instant selection, allowing greater versatility and future improvements in the load
exchange scheme programming. According to requirements, the 12F675 microcontroller
is selected due to its low power consumption, availability of a standby mode, voltage
comparators, reduced footprint, and pin configuration. The idea is that the use of harvested
energy is minimally spent on the operation of the microcontroller. In low power mode (LP),
the 12F675 draws a current of about 8.5 pA at 2 V voltage when set to LP mode. Therefore,
since the ADG819 switch has a consumption of 500 nA, the consumption estimate for the
proposed power management circuit is approximately 18uW.

Thus, according to the typical charging/discharging process, Figure 12 describes the
time-domain behavior of the two SCs (CH and CF). As observed, there are two previous
processes before the proposed scheme can start normal operation, Charging CH and
Building up in CF.
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Figure 12. Time domain sequence for the operation of CH and CF.

Once the Normal Switching Operation is reached, it can be observed that four pa-
rameters need to be defined. V; jsrpesting corresponds to the maximum voltage that it is
expected to have during charge in CH; Vf jgresting is the final voltage observed in the CH
after transferring energy. Similarly, V; fq,, identifies the minimum voltage that can appear
in CF after a load supplying cycle is carried out, and V¢ jspesting is the voltage reached
after charging from CH. The selection of those parameters is important so that losses in the
energy transfer process are minimized.

According to [33], the fractional losses in the process of energy transfer between
capacitors can be expressed as

CF ( VLharversting _ 1) 2

. . Vi_feed
Normalized Fractional Losses = i-feeder

Vin 2 ) )
i_harverstin
(CF+CH) ( g CH)

and Equation (9) applies when the voltage across both capacitors finally is the same.
Although the proposed scheme is not expected to reach the same voltage in both capacitors,
Equation (9) still provides a design criterium for minimizing losses in the process even if
the energy transfer is partial. Reference [33] shows the generic plot of Equation (9) and
states that fractional losses are minimized when both capacitors are the same. However,
since the same voltage is not reached in this proposed case, this statement does not apply
the same; therefore, it would be shown that different values of capacitors actually produced
better results.

Testing will be carried out to evaluate the operation of the scheme, and circuits
including LC-like circuits could be employed for improved efficiency. For now, the circuit
is kept as simple as possible for demonstration purposes.

5. Tests and Results
5.1. 2 x 1 Array Antenna

Initially, a single patch antenna is built for testing; so that the performance of the
antenna could be corroborated with the geometry reported for the CST software. Given that
there are tolerances involved during the manufacturing process, an iterative trial and error
process is followed to tune the definitive antenna dimensions finely. Once the single patch
is obtained, the 2 x 1 array is developed, and a Keysight E5071C Vector Network Analyzer
(VNA) is employed for the verification of array parameters. Figure 13 summarizes the
results. The measured S;; corresponds to —39.30 dB at a frequency of 2.43 GHz. Another
test for the validation of the antenna gain is demonstrated with the experiment shown in
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Figure 14. In this test, the measurement of free-space power losses at distances of 0.3 m and
0.6 m is performed, obtaining results equivalent to those of the simulated gain. Free-space
losses are calculated with:

FSL = 20 log(%i) (10)

and the test results are summarized in Table 1.

yI@¥ 511 Log Mag 10.00dE/ Ref O.000dBE
30, 00

»1  2.4344600 cHz -39.305 dB
40.00

10,00
20, 00
10.00
0. 000 ol
-10.00
-20.00
-30.00

-40, 00

=50, 00 a
Figure 13. Parameter S;; array 2 x 1 measured.

TX Antenna RF Generator Antenna UnderTest Spectrum Analyzer

Figure 14. Testing with fixed power emission.

Table 1. 2 x 1 Array gain validation.

Power RX Incident

EIRP (dBm) Distance (m) FSL (dB) (dBm) Power (dBm) Gain (dB)
19 0.3 29.7 —-3.6 —-10.7 7.1
19 0.6 35.7 —9.99 —-16.71 6.72

5.2. Voltage Multiplier

The multipliers have been implemented using discrete PCB developed using Proteus
software. The selected diodes are Schottky SMS 7630-005LF, and the connection interface
with the antenna is given through an RF SMA connector (impedance of 50 () and operating
range up to 18 GHz), see Figure 15.
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Figure 15. 4, 5, 6, 7, and 8 stage multipliers.

Compared to LTSpice simulations, the physical circuits present similar values, show-
ing empirically that the seven-stage multiplier is the one with the best performance, as
observed in Figures 16 and 17, reaching a higher percentage of agreement between the
theoretical and measured values at 85% with an input voltage of 400 mV according to
Equation (6). For proper testing, a controlled power generator source is used given the
mentioned nature of the WiFi signal.

7,000 |-
6,000 |- === === = === m e e e e e e

5,000

4,000

Vout (mV)

3,000
2,000

1,000

0

250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1,000
Vin (mV)

ax 5x 6x 7x

8x

Figure 16. Performance multipliers 4, 5, 6, 7, and 8 stages with a load of 10 k().

13,000
10,000
g 7,000
-
3
> 4,000
1,000
100 200 300 400 500 600 700 800 900 1,000
Vin (mV)
@ Thooreti = s .

Figure 17. Theoretical, simulated, and measured open circuit voltage for 7 stages.

As commented, considering that impedance matching is a key factor for the power
transfer between circuits, the input impedance measurement is performed for each multi-
plier. The results are summarized in Tables 2—4. Measurements are developed using the
Keysight E5071C VNA.
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Table 2. Impedance of multipliers of 5, 6, 7, and 8 stages for Channel 1.
CH GHz 5 Stages 6 Stages 7 Stages 8 Stages
REAL IMAG REAL IMAG REAL IMAG REAL IMAG
1 2.412
32.96 —34.79 29 0 51.29 11.92 32.85 —0.18
Table 3. Impedance of multipliers of 5, 6, 7, and 8 stages for Channel 6.
CH GHz 5 Stages 6 Stages 7 Stages 8 Stages
REAL IMAG REAL IMAG REAL IMAG REAL IMAG
6 2.437
27.44 —23.5 47 32 62.43 11.10 35.17 5.256
Table 4. Impedance of multipliers of 5, 6, 7, and 8 stages for Channel 11.
CH GHz 5 Stages 6 Stages 7 Stages 8 Stages
REAL IMAG REAL IMAG REAL IMAG REAL IMAG
11 2.462
24.9 —14.2 97 5 72.67 0.95 38.86 10.14

Given its best performance, the seven-stage multiplier presents an impedance of 51.297
+j11.922 () for the 2.412 GHz frequency (Channel 1 of the 2.4 GHz WiFi band), while for
Channels 6 and 11, the value increases to 62 () and 72 () in the real part. It is clear how
impedance is affected by frequency due to the non-linear nature of the multiplier.

Another parameter validated is the antenna array input impedance, as summarized
in Table 5. Here, the measured impedance of the 7x multiplier is listed observed the
proximity in values for the associated impedances. Thus, for this particular case, it can be
observed empirically that an impedance matching network could be eliminated from the
proposed prototype simplifying the receiver design.

Table 5. 7x multiplier and array impedance for WiFi Channels 1, 6, and 11.

Multiplier Array
Channel Z Real Z Imaginary Z Real Z Imaginary
2412 51.297 11.922 49.252 6.835
2.437 62.437 11.108 60.46 —0.659
2.462 72.674 0.951 57.352 —7.467

Once the rectenna is assembled, Table 6 summarizes the obtained DC component from
the power setting from the controlled generator source. The listed efficiency employs the

definition of Equation (7) and a load equal to 10 k().

Table 6. Harvester efficiency for WiFi channels 1 and 6 RL 10k.

Pot_In Vout IRL Ef % Vout IRL Ef %
—5dBm 072V 72 uA 16.39 0.6V 63 LA 12.55
—4 dBm 093V 94 nA 21.96 085V 84 pA 17.72
—3 dBm 1.19V 120 pA 28.49 1.10V 110 pA 24.14
—2dBm 149V 148 uA 3494 143V 140 pA 31.06
—1dBm 1.84V 185 uA 42.85 1.74V 175 uA 38.55
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Table 6. Cont.

Pot_In Vout IRL Ef % Vout IRL Ef %
—0dBm 223V 225 pA 50.18 215V 216 pA 46.22
1 dBm 27V 273 pA 58.55 261V 264 pA 54.73
2 dBm 224V 327 pA 66.85 315V 318 pA 63.20
3 dBm 385V 389 pA 75.06 375V 379 pA 71.23
4 dBm 454V 459 pA 82.96 444V 449 pA 79.37
5 dBm 531V 530 pA 89.0 521V 527 uA 86.83

5.3. PMU Core Circuit

The scheme proposed in Figure 11 is called the PMU core since another commercial
PMU can be added for higher functionality. Thus, an experiment is developed to validate
the operation of the PMU core. Moreover, the selection of CH and CF is presented based on
the claim that different values of capacitors actually minimize the energy transfer losses.

After preliminary tests, Vi_harvesting 18 found to be as high as 3.3 V (100%). At the same
time, V; feder is selected to be equal to 1.5 V, which is the lowest power supply for the
microcontroller and switch to operate adequately.

It is necessary to consider the possible losses generated during energy transfer [32],
the potential energy harvested, and the load operating time to define CF and CH values.
The latter must not be longer than the energy harvest time sufficient to recharge from CH
to CF before the energy in CF is insufficient to keep the load operating for at least 1 h. Here,
the load includes the PMU circuit containing the microcontroller and switch.

Thus, CF is selected by evaluating the amount of energy required to power the load
estimating the target time using

t—CF Vfﬁfeeder - Viﬁfeeder an
a Imax ’

where t corresponds to the operation target, and Ij ,,, corresponds to the maximum
current consumption of the system. Hence, revising IoT development boards such as the
TI eZ430-RF2500, it can be considered an I}, equal to 50 pA; then a suitable value for
CH becomes 360 mF, rounding V; feder and Vi geger to 1.5V and 2.0V, respectively.

Once CF has been selected, a parametric simulation of Equation (9) is carried out to
identify a proper value for CH. For this work, the software LTSpice is employed for the
simulations using the feature of behavioral sources to implement the expression for the
fractional losses. The different parameters and variables are also implemented via voltages
sources, using the DC analysis (DC Sweep) to find a suitable value for CH. Figure 18
shows the DC analysis results, and although LTSpice reports the y-axis as voltage, from
the simulation setup, it should be clear that this axis represents the percentage loss. The
parametric simulations show the results for possible and available values of CH, ranging
from 50 mF to 350 mF. The loss profiles obtained are highly dependent on the selected
voltage values. Thus, there is an advantage in using a microcontroller for setting the
switching thresholds to keep the losses as low as possible.
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Figure 18. Parametric simulations of the normalized fractional losses for the harvester.

Thus, the two capacitors’ values are finally 47 mF and 330 mF for CH and CF, re-
spectively, due to SC value commercial availability. Therefore, given the conditions stated
for Equation (11), maintaining the I} _,;,, equal to 50 mA; then, the energy autonomy is
restricted to about 11 min which still is attractive to IoT modules. Figure 19 shows the built
PMU core.

HarvesterSC

FeederSC

M icrocontroller
&
Crystal

M ultip lier
Connector

Figure 19. Protoype of the built harvester.
5.4. Test of the Energy Harvester with a Multi SSID Router

Tests are carried out in a real scenario placing the harvester exposed to a multi
SSID router to verify the harvester performance. The multi SSID router is located in the
Engineering Laboratories of the ITSA. Figure 20 shows the test set up.
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Harvester

MultiSSD Router

Figure 20. Test set up for the energy harvester with a multi SSID router.

Figure 21 shows the test results. In this experiment, the harvester is left for 12 h, and
the time selected is the daily hours where mainly PCs and smartphones are present. The
key idea is to create variable traffic in the WiFi network. As can be seen, there are four
intervals marked on the graph, from 0 to 120, 120 to 400, 400 to 560, and 560 to 800 min.
This behavior is directly associated with network traffic being video streaming the main
application that makes the channel busier with transfer rates between 0.5 Mbps to 25 Mbps.
There is an increase in the SC voltage for the first segment up to about 120 min; later,
there is a valley where the voltage remains relatively the same, which is due to a decrease
in network traffic from applications with higher data consumption, such as YouTube for
streaming /watching videos for classes and tutoring sessions. After 360 min, an increase is
presented again due to the rise in traffic carried, and then it returns to have low growth.
For this test, the distance is maintained at 0.25 m throughout the energy harvesting. It is
observed the prototype can harvest about 494 m], which is equivalent to 137 uWh. For
example, suppose an [oT temperature sensor is available, and it reports its measure during
5s, working at 3.3 V power supply. In that case, there is available about 30 mA to complete
its task, which enough for this application.

2200
2000
1800
1600
1400
1200
1000

800

600

400

Supercapacitor Voltage (mV)

200

0 60 120 180 240 300 360 420 480 540 600 660 720

Harvesting Time (minutes)

Figure 21. Charging time for a 220 mF SC under the testing environment.

As an evaluation of the proposed harvester, Table 7 compares the results obtained for
similar state-of-art works. It is important to recall that the efficiency refers to Equation (7),
which is used in the literature.
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Table 7. Comparison of results vs. other similar studies.

Reference Load Inp(t‘;tBII’r(:;v er Efficiency Fr(egl;lezr;cy S11 (dB)
[28] 8 57.8 242 —27
[29] 5k 5 68 245 -37
[30] 2k 0 30 24 —20
[31] 1M 4,6,8 45.6-53.8 61.6 2.4
[32] 0.5k 2 59 245 -20
[23] 12k 0 45 24 -13

[this work] 10k 0 50.18 2.46 -39

6. Conclusions

This work presents an energy harvester for a 2.4 GHz WiFi MultiSSID router, which
exhibits an estimated efficiency of 50.18% over an incident power of 0 dBm. The harvester
has been designed based on the analysis of WiFi signals, and, through empirical testing,
it has been possible to remove an impedance matching network due to the measured
impedances for the proposed versions of the antenna and the voltage multiplier. Thus,
the system complexity has been reduced without sacrificing performance. The harvester
has been completed with a PMU module that simultaneously provides charge to the load
and harvests energy from WiFi via a switching scheme. Such scheme is controlled by a
low-power microcontroller that can work with supply values as low as 1.5 V and current
drawing of about 18 pA. The switching scheme adjusts to the PWM-like nature of the
WiFi signal and provides rapid power availability for load operation. The advantage of
using a microcontroller-based switching scheme lies in the possibility of adjusting through
programming the switching threshold to minimize losses in the charging losses between
two SCs that serve as storage units.

The built prototype shows that thanks to a basic analysis of the WiFi signals, it is
possible to have the required amount of energy for a sensor operation from a multiple
SSID router. It is important to note that the router employed does not require additional
modification but the BI to be used as a source generator.

As future work, it is possible to optimize the antenna to reduce its dimensions, increase
its gain, and improve the conversion efficiency on power less than —5 dBm. Regarding
the PMU, the objective is to continue improving its performance in terms of minimizing
losses. This work can be done on three fronts; one, to optimize the selection of capacitors
CH and CF; second, to work with adjustable and adaptive switching thresholds; and finally,
to explore LC circuits to increase energy transfer efficiency.

Besides, it is also possible the implementation of D2D encryption mechanisms such as
the one proposed in [6] thanks to the availability of an on-board microcontroller.
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