Progress In Electromagnetics Research Letters, Vol. 118, 33-39, 2024

rlER Letters

(Received 15 December 2023, Accepted 28 February 2024, Scheduled 4 March 2024)

Radio-Frequency Energy Harvester for a Hybrid Power Supply
with Constant Voltage Output to a Water Meter

Junlin Mi, Ruinan Fan, Jianwei Jing, Liping Yan, and Changjun Liu*

School of Electronics and Information Engineering, Sichuan University, Chengdu 610064, China

ABSTRACT: This manuscript proposes a hybrid energy harvest and management system to manage harvested ambient thermal and radio
frequency (RF) energy and provide constant voltage for an electronic water meter. It mainly includes an antenna, a rectifier, thermoelectric
generators (TEGs), and an energy management circuit. The antenna harvests the ambient RF power, and the rectifier converts it to DC
power. The harvested RF and thermal powers are stored in a capacitor and managed by an FEH710 energy management circuit to power an
electronic water meter. Eight thermoelectric generators convert thermal energy into DC power. The proposed hybrid energy harvesting
and management system has been evaluated by simulation and measurement. The antenna’s reflection coefficient and peak gain at
2.45 GHz are —30 dB and 3.6 dBi, respectively. The rectifier’s measured RF-DC power conversion efficiency (PCE) is 66.7% at 0 dBm.
As a demonstration, a commercial electronic water meter works stably by the harvested ambient RF and thermal energy. The proposed
hybrid energy harvesting system is expected to find potential practical applications for the Internet of Things (IoT) in environments with

RF radiation coverage and temperature gradients.

1. INTRODUCTION

In recent years, with the increasing popularity of Wireless Sen-
sor Networks (WSN) and IoT, low-power electronic devices
have been widely used. It is difficult to maintain and replace
batteries for a large number of low-power devices. Harvest-
ing technologies of environmental energy, such as solar, ther-
mal, wind, and RF energy [1-4], may become a valuable solu-
tion for the power supply to low-power electronic devices. RF
energy, as one of the environmental energy sources, has been
extensively studied in the context of energy harvesting due to
its ubiquity in radio broadcasts, base stations, and Wi-Fi sig-
nals [5-14]. A thermoelectric generator (TEG) is a solid-state
component that directly converts thermal energy into electric-
ity and is also attracting attention as an independent, clean, re-
newable energy source. Its conversion efficiency is relatively
high [15-17]. A hybrid power harvester containing a solar cell
and rectenna was proposed in [18]. When the RF power level is
—20dBm, the RF-DC PCE is about 15%. In [19], a highly in-
tegrated hybrid energy harvester was developed for harvesting
solar, artificial light, thermal, and RF energy, focusing on de-
signing topologies to achieve high circuit integration and large
output power. A thermal source has been used as a bias for
diodes to change the diode operating point in hybrid energy har-
vesters, resulting in increased RF-DC PCE for hybrid energy
harvesting [20,21]. To harvest the thermal energy and RF en-
ergy, a triple-band heatsink antenna is proposed, which serves
as a part of a triple-band RF energy harvester and also acts as a
heatsink that boosts the performance of the thermal energy har-
vester [22,23]. However, the output voltage with these strate-
gies is unstable, and it is difficult to drive the load in practice.
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This manuscript proposes a circuit for ambient thermal and
RF energy harvesting, including an antenna, a rectifier circuit,
an energy management circuit, and thermoelectric generators
(TEGs). Eight thermoelectric generators are attached to a smart
water meter’s metal pipe to convert thermal energy into electri-
cal energy. The antenna and rectifier circuit operate in the WiFi
band to absorb ambient RF energy. The energy from the rec-
tifier and TEG is stored and managed by an FEH710 energy
management circuit to provide constant voltage for the smart
water meter.

This manuscript is arranged as follows. Section 2 shows the
antenna design and measured results. Section 3 shows the rec-
tifier design and measurements. Section 4 shows the rectenna
measurement setup and output DC power. Section 5 explains
the mechanism of the energy management circuit and measures
its power consumption. Section 6 concludes this manuscript.

2. ANTENNA DESIGN AND FABRICATION

The geometry and fabrication of the proposed antenna are
shown in Figure 1. It is an enhanced monopole antenna with
an F4B substrate (¢, = 2.65, tand = 0.02) at a thickness of
I mm. The top and bottom layers use 18 um thick copper as
the patches. The dimension of the antenna is 60 x 55 x 1 mm?.
A rectangular ring slot is etched on the ground plane to realize
broadband performance, shifting the antenna’s capacitance and
inductance to achieve better impedance matching and radiation
efficiency [24].

The antenna is simulated and optimized by the ANSY'S High
Frequency Structure Simulator (HFSS) and measured by a vec-
tor network analyzer (Agilent N5230A). A comparison between
the simulated and measured voltage reflection coefficients |S11]
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FIGURE 1. Geometry and fabrication of the proposed broadband antenna: L = 60 mm, Lo = 54 mm, Wy = 40mm, W = 55 mm, Fy = 2.69 mm,
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FIGURE 2. Simulated and measured |.S11].

is illustrated in Figure 2. It can be seen that the measured re-
sults show an excellent agreement with the simulated one. The
operating bands range from 2.25 to 2.75 GHz. The |S11] in the
WiFi band is below —20 dB.

The antenna’s simulated and measured radiation patterns
have consistency in the F-plane (yz-plane) and H-plane (xz-
plane), as shown in Figure 3. An omnidirectional radiation
characteristic is displayed in the H-plane, and a bi-direction
radiation pattern is shown in the F-plane with two opposite di-
rections of +z and —z directions. The peak realized gain is
3.7dBi. In the area of RF energy harvesting, an antenna with
broad beamwidth is ideal. The proposed antenna has an omnidi-
rectional radiation performance to harvest ambient WiFi power.
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FIGURE 3. Measured and simulated radiation patterns.

3. RECTIFIER DESIGN

In ambient RF energy harvesting, the harvested RF power is
usually low. A Schottky diode SMS-7630 is selected to design
a rectifier circuit with high RF-DC PCE at low input power.
The main SPICE parameters of the SMS-7630 diode are listed
in Table 1. The junction capacitance is as low as 0.14 pF, and
the forward voltage drop is only 0.34 V. Therefore, the SMS-
7630 diode obtains high RF-DC PCE in a low RF power envi-
ronment.

A microwave rectifier circuit generally comprises an input
filter, a rectifying diode, an output low-pass filter, a DC load,
and an impedance-matching circuit. The schematic of the pro-
posed microwave rectifier is shown in Figure 4.
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TABLE 1. Spice parameter of an SMS-7630 diode.
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FIGURE 5. (a) Layout of the design. (b) Fabricated rectifier.

The series inductor (L) of 1 nH and the shunt capacitor (C},)
of 0.1 pF are equivalent circuit elements of the Schottky diode
SC-79 package. The microwave source provides RF power to
the rectifier circuit through DC block C'y . A Schottky diode typ-
ically presents capacitive impedance due to its internal Schottky
junction structure. To facilitate the impedance-matching cir-
cuit of the rectifier, it is essential to compensate for the diode
capacitive impedance. A short-ended microstrip line compen-
sates for the diode capacitive impedance [25]. The impedance
of a short-ended eighth-wavelength microstrip line is

w 0, w=2~0
ZIN = jZptan (4> =9 JZo, w=wo (D
wo 00, W= 2wy

where Z is the characteristic impedance of the short-ended mi-
crostrip transmission line, and wy is the fundamental frequency.

TL1 matches the impedance of the rectifier circuit to the
impedance of the RF power source. The short-ended transmis-
sion line TL2 presents a short circuit to pass through the DC
power, providing a path for the DC power output. The transmis-
sion line TL2 is bent to reduce the area of the rectifier circuit.
The short-ended microstrip transmission line at the fundamen-
tal frequency presents an inductive impedance to compensate
for the diode capacitive impedance. It turns into an open cir-
cuit to block the second harmonic produced during rectifying
for energy recycling. By adjusting the characteristic impedance
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Z of the transmission line, its equivalent inductive impedance
is tuned. The capacitor C5 and M\/4 transmission line TL3 form
an output low-pass filter.

The rectifying circuit is designed and optimized by the har-
monic balance simulator in the advanced design system (ADS)
to achieve high RF-DC PCE. The capacitors C; and C5 are 6.8
and 10 pF, respectively, obtained from the ADS optimization.
The final layout of the proposed microwave rectifier and the
photo of the fabricated rectifier are shown in Figures 5(a) and
(b), respectively. The substrate is F4B with size 19.9 mm X
14.5 mm.

An Agilent E8267C is the signal source, and a standard re-
sistance box is the output DC load. The RF-DC PCE of the
rectifier is defined as

_ Pout o Vozut 0
=P T EeE X 100% )

where P,,;: is the DC output power, P;, the available power
from the microwave source, V,,; the output voltage, and R,
the DC load.

When the input power of the source is 0 dBm at 2.45 GHz,
Figure 6 shows the simulated and measured efficiencies with
various DC load impedances. The calculated results show an
excellent agreement with the simulated one. When the load
impedance ranges from 1.2 k(2 to 3 k€2, the efficiency is greater
than 60%. The efficiency is 45% at 500 (2, and the peak effi-
ciency is 66% at 2.2k(). When R, is 2.2 k{2, the input power
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FIGURE 6. Measured and simulated RF-DC conversion efficiency ver-
sus load resistance with the input power of 0 dBm at 2.45 GHz.
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FIGURE 8. Rectenna measurement setup.

is changed from —20dBm to 5dBm to obtain the simulated
and measured efficiencies at 2.45 GHz. The specific results are
shown in Figure 7. The measured results are consistent with the
simulation ones. The efficiency increases with the input power
increase and reaches a maximum of 66% at 0 dBm and 22% at
—20dBm.

4. RECTENNA MEASUREMENT

A rectenna test system with application to the smart water meter
is shown in Figure 8. The system is placed in a microwave ane-
choic chamber. The computer is used to control the microwave
source, and the multimeter is used to test the efficiency which
is necessary in this test system. The power from the microwave
power source is amplified by an amplifier. A directional cou-
pler is connected to a Mini-Circuits PWR-8GHS power meter
to monitor the transmitting power. The gain G, of the horn
antenna is 12.96 dB. The distance between the transmitting an-
tenna and the rectenna is 1.3 m, which is in the far field of the
transmitting antenna. The rectenna is on the surface of the wa-
ter meter case. A standard resistance box is used as the DC load
with a multimeter to measure the output voltage.
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FIGURE 9. Measured conversion efficiency of the rectenna.

The efficiency of the rectenna is defined as

Pac Ld2
100° c
X OO/o—P X Ry

T T

x 100%

7 (3)
where Py, is the DC output power at load Ry, P, the received
power of the rectenna, V. the output voltage, and Ry, ithe DC
load. The received power P, is calculated by the Friis trans-

mission equation
A\ 2
P, <—°) G, G,

Fr 4TR @
where P, and G; are the power and antenna gain of the transmit-
ting antenna; G, is the antenna gain of the receiving antenna;
and R is the distance between the transmitting and receiving
antennas.

The measured RF-DC conversion efficiency of the proposed
rectenna is shown in Figure 9. The RF-DC conversion ef-
ficiency reaches a maximum of 65% at 0 dBm. The perfor-
mance comparison between the proposed rectenna and related
designs is depicted in Table 2. It is seen from the results that
the rectenna has a high conversion efficiency in the application
of low-power RF energy harvesting, which provides DC power
to subsequent energy management circuits.
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FIGURE 10. Energy management circuit. (a) Schematic diagram. (b) Fabricated energy management circuit.

TABLE 2. Comparison of the proposed rectenna and related designs.

Frequency Dimensions

Single element

References (GHz) (mm) or array Input power Efficiency
Single el t: Rectifier:

28] 249 20 % 10 1 ! 00 e 1w
271 1271_—1;; 145 xﬁri;y; 1.53 12 =3 ~20 620y/:,t 2204
29 245 eisoers 8% o o
This work 245 Single element: | 0,20 Rectenna:

20 x 15 x 1

65%, 20%

5. ENERGY MANAGEMENT CIRCUIT

Thermal power is harvested through a TEG device TEC-12701
based on the Seebeck effect [26], which is capable of generating
a DC voltage using a temperature gradient between two differ-
ent semiconductors. The energy from the rectifier and the TEG
is stored in a capacitor C,,-; and then managed by a FEH710
energy management circuit which is developed by FINSIOT
and outputs a constant voltage of 3.3 V. When the capacitor’s
energy is sufficient, the built-in switch turns on, and the cir-
cuit begins to power the load. If there is extra energy besides
consumed energy at the load, the excess energy is stored in the
capacitor Cyore. If the power from the rectifier and the TEG
is insufficient, the capacitor Csz,. Or standby battery supplies
energy to the load. The substrate of the energy management
circuit is made of flexible polyimide.

The specific circuit diagrams are shown in Figure 10. Eight
semiconductor plates TEC-12701 as the TEGs are attached to
the surface of the water pipe to convert thermal energy into elec-
trical energy. Cooling fins are attached to the back of the TEC-
12701 to increase their working efficiency. We connect eight
semiconductor plates’ output ports in series to the FEH710 en-
ergy management circuit. The rectenna attached to the wa-
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ter meter collects RF energy as well. The overall system is
shown in Figure 11(a), and the system block diagram is shown
in Figure 11(b). The experimental results in Figure 12 explain
the working mechanism of the energy management circuit. It
shows the power consumption of the device driven by rectennas
and TEGs. A low-power analyzer LPT2020 is used for power
testing at the ambient temperature of 20°C and water temper-
ature of 9°C. The operating voltage of the load is 3.3V, and
the average power consumption is 36.3 uW. The voltage of the
standby battery is 3.3 V.

When the water flows, the temperature difference between
the water pipe and air is about 11°C, and the voltage of C\york
starts to rise due to the power generated from the TEGs. Ini-
tially, there is no output, and the battery has only 1 nA leakage
current. After the voltage of C' .1, reaches 3.1V, the electronic
water meter starts to operate, and the battery current is still at a
leakage current of 1 HA. At this time, the power consumption
of the standby battery is only 3.3 uW, and the water meter is
driven entirely by thermal energy alone without another energy
source. A traditional battery-powered water meter has a power
consumption of 36.3 uW which is much higher than 3.3 uW.
Therefore, the device harvests ambient thermal energy to work,
prolongs the life of the battery, and reduces the power cost. If
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FIGURE 12. Power consumption testing of the device driven by TEGs.

we close the water valve switch to weaken the thermal energy
so that the power from the TEG is insufficient, the water meter
works with the power of the standby battery.

Using only a microwave source to drive the electronic water
meter without TEGs is also tested in the microwave anechoic
chamber which is already shown in Figure 8. The rectenna on
the water meter converts RF power into DC power, and the
energy management circuit will manage and store DC power
in the same way as TEGs. The electronic water meter starts
to operate until the voltage of Cy,,-1 reaches 3.1V, and it op-
erates with RF power alone without the standby battery when
the received power of the rectenna P, reaches —2 dBm. Thus,
both thermal and RF energy drives the water meter without the
power of the battery successfully.

6. CONCLUSION

A hybrid energy harvesting circuit for ambient thermal and RF
energy harvesting is proposed, including an antenna, a rectifier
circuit, thermoelectric generators, and an energy management
circuit. The |S11]| of the proposed antenna in the WiFi band
is below —20 dB. The measured efficiency of the rectifier ex-
hibits 22% at —20 dBm input power, which is suitable for en-
ergy harvesting applications and gives a peak efficiency of 66%
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at 0 dBm at 2.45 GHz. Eight semiconductor plates TEC-12701
as the TEGs are attached to the surface of the water pipe to
convert thermal energy into electrical energy. The FEH710 en-
ergy management circuit manages the energy from the rectifier
and TEGs. The experiment results show that thermal and RF
energy successfully drives the water meter. The circuit device
significantly absorbs thermal and RF energy into electrical en-
ergy, reducing the dependence on conventional batteries. For
further research, how to improve the conversion efficiency of
rectenna in a low RF energy environment and how to reduce the
power consumption of energy management circuits is a prob-
lem worthy of further study. In areas with RF energy coverage
and temperature gradients, the proposed hybrid energy harvest-
ing system drives not only smart water meters but also other
low-power sensors such as temperature and humidity meters,
and electricity monitoring meters. Therefore, the results of this
study will also provide helpful inspiration and reference value
for other energy harvesting and power supply applications.
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