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ABSTRACT: In this manuscript, we propose a conformal and flexible meander dipole rectenna array for omnidirectionally harvesting
ambient RF power for application in Internet of Things (IoT) water meters. The array unit consists of an antenna for RF power harvesting
and a Schottky diode for converting the harvested RF power into DC power. The impedance between the antenna and diode is directly
conjugated and matched using a meander structure and coupling loop. Traditional matching networks introduce additional losses, while
direct conjugate matching maximizes power transmission efficiency and reduces energy losses. The elimination of the matching network
simplifies the design of the rectenna, reducing the number of components and the overall size and weight. The rectenna unit is suitable
for low-power ambient energy harvesting and operates at 2.45 GHz. The measured RF to DC conversion efficiency of the rectenna unit
reaches 50% at 0 dBm. The rectenna array is formed by connecting eight antenna units in parallel, and units are affixed to the four surfaces
of the water meter case to achieve omnidirectional RF environmental power harvesting. The output DC power of the array can be up to
1.3 mW at 100 uw/cm? received power density. An energy management circuit (BQ25504) is designed to store, distribute, and manage
the harvesting of RF power to power the loT water meter efficiently. Measured results demonstrated that the proposed rectenna array
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exhibited excellent adaptability and application potential in IoT scenarios.

1. INTRODUCTION

he rapid advancement of Internet of Things (IoT) tech-
Tnology has garnered significant interest in wireless energy
transfer (WPT) [1-8]. Presently, WPT finds extensive applica-
tion in areas such as smart home, smart healthcare, and smart
management [9, 10].

A water meter is indispensable to monitor users’ water con-
sumption in daily life. Smart water meters integrate water mon-
itoring sensors with IoT and upload real-time data on users’ wa-
ter consumption, providing great convenience [11, 12]. How-
ever, smart water meter batteries are difficult to maintain in hu-
mid and complex working environments and have high cost to
replace due to the large number of meters. Consequently, the
study of smart water meters powered by WPT is of great sig-
nificance.

Microwave wireless power transfer (MWPT) has significant
advantages in far-field WPT [13, 14], which is more suitable for
the applications of smart water meters. A rectenna is an impor-
tant part of an MWPT system [15]. In order to obtain high RF
to DC conversion efficiency [16, 17], a conventional rectenna
needs an impedance-matching network to match the rectifying
circuit with a standard antenna impedance of 50 2. However,
this inevitably enlarges the size of the rectenna. Therefore,
eliminating the matching network by directly conjugating the
diode’s impedance with the receiving antenna’s impedance is
more in line with the miniaturization requirements of IoT sen-
sors [18,19]. In [20], a high-efficiency rectifying off-center-
fed-dipole (OCFD) antenna without an impedance-matching
network was proposed. [21] presented a high-efficiency, minia-
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turized rectenna operating in a low power density environment
at 2.45 GHz.

Rectennas made of conventional substrates are usually
rigid. They cannot adapt to IoT devices with variable external
shapes. However, rectennas based on flexible substrates are
able to conform to complex structures. [22] proposed a flexible
and lightweight textile-integrated rectangular antenna array
for powering wearable electronic devices. [23] investigated
the problem of center frequency shift due to flexible meander
antenna and proposed a wavefront WPT flexible antenna with
frequency self-reconfiguration based on an electronic textile
antenna for battery-free sensor platforms.

This manuscript proposes a conformal and omnidirectional
rectenna array for RF energy harvesting in low-power-density
environments for smart water meter applications. Section 2
discusses the mechanism of eliminating impedance-matching
networks. Section 3 describes a meander dipole antenna that
can conjugately match the impedance of rectifying diodes.
Section 4 describes the fabrication and measurement of the
rectenna unit. Section 5 analyses the measures of the rectenna
array. Section 6 describes the design of the BQ25504 energy
management circuit to power the smart water meter success-
fully.

2. RECTENNA THEORY WITH THE ELIMINATION OF
MATCHING NETWORKS

Rectennas are an essential part of an MWPT system. The RF-
to-DC conversion efficiency of a rectenna is closely related
to the efficiency of the RF transmission system. The trans-
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FIGURE 1. (a) RF transmission system. (b) Rectenna system structure without matching network.
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FIGURE 2. Dipole antenna. (a) Conventional structure. (b) Meander structure. (c) Coupling ring structure.

mission efficiency of an RF transmission system should be
as high as possible for the load to obtain more power. Fig-
ure 1(a) shows that a facilitated RF transmission system con-
tains a signal source with impedance Zg = Rg + jX g and a
load Z;, = Ry + jX ;. The effective voltage in the complex
format of the signal source is VS Then, the power P, at the
load Z, is:

P, = Re{VLI':} - Re{ZLfS~f;‘} - Re{ZL I 2}
.2
o2 Ry, ’Vs’
= || B = (Re+ Rp)* + (X4 + X1)? W

where I is the effective current in the circuit.

To maximize Py, it is necessary to satisfy R;, = Rg and
X1 = —Xg simultaneously.

This indicates that the maximum transmission power is
achieved when the load impedance Z, is conjugately matched
to the source impedance Zg. Then, the power on the load is:

.2
id
4Ry

P 2
Therefore, the receiving antenna’s impedance should conju-
gately match the rectifying circuit’s impedance in an MWPT
system to achieve maximum transmission efficiency. A con-
ventional way is to design the receiving antenna’s impedance
as 50 2 and introduce an impedance-matching network to trans-
form the rectifying circuit’s input impedance to 50 2.
However, the impedance-matching network will increase
the size of the rectenna. Therefore, this manuscript adopts a
rectenna design method to eliminate the impedance-matching
network. The schematic of a rectenna without impedance-
matching networks is shown in Figure 1(b). The input
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impedance of the antenna is directly conjugated with the
impedance of the diode. The proposed rectenna design can
maintain high conversion efficiency and reduce the rectenna
size, eliminating the possible insertion loss caused by the
impedance-matching network.

3. MEANDER DIPOLE RECTENNA DESIGN

A conventional half-wave dipole antenna consists of two
straight metal conductors, as Figure 2(a) shows. The length of
the antenna is about 1/2\. The input impedance of the dipole
antenna is calculated by:

Zin = 30 x [0.577 + In(27) — Ci(27) + jSi(27)]  (3)

According to formula (3), the input impedance of a conven-
tional half-wave dipole antenna at 2.45 GHz is (73 + j42.5) 2,
and its length is about 61.2 mm.

Figure 2(b) shows meander structures, which allow the an-
tenna to be more compact and increase its reactance. The input
impedance of the dipole antenna with four meanders is shifted
to (31 + j179) Q2 at 2.45 GHz.

However, due to the capacitive impedance of the diode,
the meander dipole cannot accurately achieve a conjugate
impedance match to it. Therefore, a coupling ring structure
is introduced for better impedance matching with the diode,
as shown in Figure 2(c). A coupling ring, which is a closed
metal ring that mutually couples electromagnetic fields with
the meander dipole antenna, is introduced. The antenna input
impedance is tuned by varying the distance f between the
coupling loop and the straight arm of the meander antenna.
Meanwhile, the reactance of the antenna impedance is tuned
almost independently by adjusting the length L, or width Ly
of the coupling loop.

The input impedance of the antenna with respect to f and
Ly, is simulated by the HFSS and is shown in Figure 3. It can
be seen that the input resistance and reactance of the antenna
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FIGURE 4. Tmpedances of the meander dipole antenna and diode. (a) HFSS simulation results of the antenna. (b) ADS simulation results of the

diode.

decrease as [ increases. As L increases, the input resistance
of the antenna increases, and the antenna’s reactance decreases.

The optimized simulation results are shown in Figure 4(a).
At 2.45 GHz, the input impedance of the antenna is (82.4 +
j276.05) 2, which is an ideal value that can be conjugately
matched with the diode impedance.

4. FABRICATION AND MEASUREMENT OF THE
RECTENNA

An SMS-7630 Schottky diode from Skyworks is selected to
build the rectenna. Its main parameters are shown in Table 1.
Due to its low on-state voltage, small zero-bias junction capac-
itance, and short transit time, it is suitable for low-power RF
ambient energy harvesting for smart water meter applications.

The diode impedance is obtained from simulation based on
the Advanced Design System (ADS) software with the nonlin-
ear SPICE model. The results are shown in Figure 4(b) and
Table 2. The impedance of the SMS-7630 diode is (74.41 —
j265.3) Q at 2.45 GHz, which can be conjugately matched with
the proposed antenna.
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The geometry and configuration of the proposed flexible me-
ander dipole rectenna are shown in Figure 5. The top layer of
the flexible substrate is polyimide with a thickness of 12.5 pm
(er = 2.9). The middle layer uses 18 um thick copper as the ra-
diation patch. The bottom layer uses 25 pum thick polyimide as
the dielectric substrate. The dimension of the rectenna is 11 mm
by 36 mm.

The SMS-7630 diode is placed at the center of the rectenna
to convert the harvested RF power into DC power. Two induc-
tors (820 nH) are placed at both ends of the meander line dipole
antenna to block RF components.

The fabricated prototype rectenna is shown in Figure 6. The
weight of a single flexible rectenna unit is only 0.12g. The
wires are soldered to the ends of the two inductors as DC out-
puts.

The proposed rectenna was measured in an anechoic cham-
ber, as depicted in Figure 7. The RF signal is amplified by
a power amplifier and transmitted by a standard horn antenna
with a gain of 12.95dB. A power meter (Mini-Circuit) con-
nected to the 30 dB directional coupler was used to measure
the transmitted power. The rectenna unit harvested energy at a
distance of 1.3 m from the horn antenna (far field region). The
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TABLE 1. Parameters of SMS-7630 diode.

TABLE 2. The input impedance of the meander line dipole antenna and SMS-7630 diode.

‘/In/v %,«/V Cjo/pF Is/}J.A Rs/Q

0.18 2 0.14 5 20

Component Frequency/GHz Impedance/Q2
meander line antenna antenna 2.45 82.4 4+ 5276.05
SMS-7630 2.45 74.41 — j265.3
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FIGURE 5. Geometry and configuration of the proposed rectenna.
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FIGURE 6. Fabricated prototype rectenna.

output DC voltage (V) was measured by a multimeter, and
the output DC power was calculated from P,,; = dec /Rivad-

The received power P, of the rectenna can be calculated by
multiplying the effective area of the antenna A, with the aver-
age power density S, at the surface of the rectenna:

G.P A,
47 R?

where P; is the transmit power measured by the power meter,
G the dimensionless transmit antenna’s gain, and R the dis-
tance between the transmitting and receiving antenna. We ap-
proximate the effective area A, by the actual physical area of
the rectenna. The value of A4, is 7.7 cm?.

The RF-to-DC conversion efficiency is:

Pr - Aesavg == (4)

V2
n=—49_ x100%

= 5
Perload ( )

The relationship between the load and the conversion effi-
ciency is shown in Figure 8(a) when the received power of the
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rectenna is 7.4 dBm at 2.45 GHz. It shows that with the increase
of the load, conversion efficiency first rises and then decreases.
When the load is 300 €2, the measured maximum conversion ef-
ficiency is reached, the output DC voltage is 1.08 V, the output
DC power is 3.89 mW, and the conversion efficiency is 64.19%.

The rectenna conversion efficiencies versus the received
power at 2.45 GHz with a DC load of 300 2 are shown in Fig-
ure 8(b). The results show that as the input power P, increases,
the conversion efficiency increases first, reaches the peak, and
then drops. The measured highest conversion efficiency of
64.65% is achieved at 6.8 dBm input power, and the output
DC voltage is 0.966 V. The measured conversion efficiency is
greater than 50% from —1 to 10 dBm.

Comparison between the simulated and measured conversion
efficiencies of the rectenna is shown in Figure 8. The simula-
tion and measurement results remain relatively consistent.

Www.jpier.org
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FIGURE 9. Rectenna array on the water meter case.

5. FABRICATION AND
RECTENNA ARRAY

Concerning the practical implementation of the smart water me-
ters, the rectenna array must be omnidirectional. As depicted in
Figure 9, the proposed flexible rectenna array conforms to the

MEASUREMENT OF
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water meter’s outer surface and consists of eight parallel con-
nected flexible rectenna units. Two units are placed on one side
of the water meter case, while another two units are placed on
the other side. The spacing between the two units is 10.8 mm
on the same side and 50.55 mm on the different sides. 0.25-
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TABLE 3. Comparison of the proposed rectenna array and related designs.

F Di i Single el t Matchi
References requency Flexible fmensions fngie elemen Omnidirectional atching Efficiency
(GHz) (mm) or array network
[20] 0.9-1.1, Single element: | No No Rectenna:
1.8-2.5 130 x 130 x 1.52 75% @20 dBm
2] 2 45 Yes Single element: 2x3 No Yes Rectifier:
88 x 85 x 1.5 2x2 35% @—10dBm
1.7-1.8, Array: System:
[24] No fray 1x12 Yes No yster
2.1-2.7 145 x 145 x 1.53 66% @—3 dBm
Array: Rectifier:
[25] 2.45 No rray 3x2x3 Yes Yes ectiier
240 x 180 x 1.5 73% @11.3 dBm
Single el t: Rect :
This work 2.45 Yes g’ efefhen 1x8 Yes No ectenna
36 x 11 x 0.056 65% @6.8 dBm
mm wide metal wires are used to connect those parallel units. 6. DESIGN AND APPLICATION OF THE ENERGY

The case of the water meter is made of PVC (er = 2.7) with a
thickness of 1 mm and is non-conductive.

The test system for the rectenna array applied to a water me-
ter is shown in Figure 10(a). At the receiver side, a water meter
case affixed with the rectenna array is placed on a rotating plat-
form, and a 100 €2 chip resistor is soldered to the array output as
a load. The energy harvesting performance at different angles
is measured by rotating the platform.

The power density at the rectenna array is:

G P,
Save = 47 R?

(6)

where G; is the dimensionless transmit antenna’s gain, P; the
transmitting power in W, and R the distance between the re-
ceive and transmit antennas.

The measured output DC power versus the rotation angles in
different receiving power densities is shown in Figure 10(b).
The output DC power is higher than 0.2mW (—7dBm) at
different rotation angles when the received power density is
100 uw/cm?, and the peak output power is 1.3 mW (1.14 dBm).
The output DC power is higher than 1.5 mW (1.76 dBm) at
different rotation angles when the received power density is
500 uw/cm?, and the peak output power is 7.4 mW (8.7 dBm).
The results show that the water meter with a flexible rectenna
array can harvest omnidirectional RF energy. Due to the rota-
tion of the water meter, the main working rectenna units are
changed from two to four. The DC power output from the
rectenna array reaches the peak at 45°, 135°, 225°, and 315°.
When rotating it to 225°, the four main working rectennas are
closer to the load, and the system has less energy loss, thus, the
output DC power is higher than the other three rotation angles
where the peak occurs.

The performance comparison between the proposed rectenna
array and related designs is depicted in Table 3. It shows that
our design is lightweight and compact while having a flexible
structure and omnidirectional energy harvesting. These advan-
tages broaden its applications on IoT devices for environmental
energy harvesting.
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MANAGEMENT CIRCUIT

The power received by the rectenna during wireless energy
harvesting is usually very weak, discontinuous, and unstable,
which cannot directly drive the water meter. However, an en-
ergy management circuit can store, distribute, and manage the
harvested energy. Therefore, it is necessary to introduce an en-
ergy management circuit to the output of the rectenna array to
provide stable power for the smart water meter.

The schematic and fabrication prototype of the energy man-
agement circuit are shown in Figure 11. The energy manage-
ment circuit is fabricated on a flexible substrate with a mass of
only 0.57 g.

The test system of the energy management circuit for the wa-
ter meter is shown in Figure 12. Measurement results show that
the rectenna array can successfully drive the water meter with-
out rotating the water meter when the received power density
is 442 pw/cm?.

7. CONCLUSION

In this manuscript, a conformal flexible omnidirectional
rectenna array is designed and implemented for IoT smart
water meters. A meander dipole antenna with a coupling
loop is designed to directly conjugate match the impedance
of the SMS-7630 diode at 2.45 GHz. Each rectenna array
unit consists of a meander dipole antenna and an SMS-7630
diode. The flexible polyimide substrate is used to fabricate
the rectenna array to conform to the water meter case. A
flexible rectenna unit’s maximum RF to DC energy conversion
efficiency can reach 65%. The flexible rectenna array can
output DC power up to 7.4mW when the received power
density is 500 uW/cm? and can achieve omnidirectional envi-
ronmental energy harvesting. The proposed flexible rectenna
array is of great research significance for smart water metering
applications towards the Internet of Things.
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