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Abstract—In this work, a novel over-the-air (OTA) radio
frequency (RF) energy harvester (EH) architecture implementing
a microelectromechanical system (MEMS) as matching network
is presented. The system operates at a frequency of 820 MHz and
is composed of a sub-50 2 single-meandered antenna on printed
circuit board, a MEMS film bulk acoustic resonator (FBAR), and
a Schkotty diode half-bridge full wave rectifier followed by a
sample-and-hold circuit.

Experimental results demonstrate that the inclusion of the
FBAR leads to an improvement of the energy harvester’s efficiency,
resulting in a 8-fold increase of the harvested power compared to
a system without the MEMS resonator. This first demonstration of
an increased efficiency over-the-air energy harvester implementing
MEMS resonator representS an encouraging and viable solution
for ultra-low or zero-power electronic devices for Internet of
Things applications, including distributed and remote sensor
networks.

Index Terms—IoT, Energy Harvester, MEMS, Rectifier, Antenna

I. INTRODUCTION

HE development of Internet of Things (IoT) technologies

has been an area of significant growth and innovation in
recent years [1] [2]. In the IoT space, event-driven remote
sensor networks are an appealing solution to collect data
forming a decentralized, low-power, and low-cost system. These
sensors are specifically designed to be left in place for long
periods of time without the need for regular maintenance or
battery replacement, operating in stand-by mode with nW
power absorption, therefore consuming higher power only when
triggered by a physical or radio frequency (RF) trigger [3].

To increase the battery lifetime of these nodes, one of the
proposed solutions is the use of energy harvesters (EHs) [4],
which are devices that convert ambient energy from sources
such as light, vibration, or temperature differences, into the
electrical energy that powers the sensor. Harvesting energy
to drive the circuit consequently reduces the need for battery
replacement, increasing the sensor’s lifetime. This technology
is particularly useful in remote or inaccessible locations where
regular maintenance is difficult or impossible [5].

While still embodying a promising technological solution
for the synthesis of RF ultra low power (ULP) or zero energy
(ZE) receivers (Rx) [6], EHs suffer from limited conversion
efficiency due to the minimum RF voltages required by the non-
linear components to trigger RF-to-DC rectification (typically
in the mV range) [7].

In this paper, we present a novel over-the-air (OTA) EH archi-
tecture that utilizes microelectromechanical systems (MEMS)
as matching networks (MNs) to improve EH performance,
resulting in increased lifetime of ULP Rx for IoT applications.
To the knowledge of the authors, this represents the first
demonstration of MEMS-boosted energy harvester for IoT
applications.

High-performance MEMS resonators exploiting different
materials [8] [9] [10] and resonant modes [11] [12] [13] have
been successfully implemented as MNs to passively amplify
RF signals in ULP architectures. In this work, a custom-
made aluminum nitride (AIN) thin-film bulk acoustic resonator
(FBAR) is deployed as a high-quality factor MN. In the first
section of this work, the EH architecture is introduced, together
with design and optimization techniques for its constituting
elements. In the second section, the OTA measurement setup
and results are reported. Lastly, in the conclusions section, we
discuss how to further improve the circuit architecture and its
potential to greatly improve the efficiency of IoT distributed
networks.

II. ENERGY HARVESTER ARCHITECTURE

A high-level schematic of an envisioned RF zero energy
receiver for a distributed IoT sensing network is reported in
Fig. 1. The system is composed by a multi-port antenna feeding
an information receiver (IRx) branch, an energy harvester (EH)
branch, and a rechargeable battery. Despite containing active
components in the IRx , the proposed ZE Rx requires no
external energy, relying solely on the power supplied by the
EH.

The OTA EH proposed in this work represents a building
block of the envisioned ZE Rx and is composed of a planar
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Fig. 1. Proposed zero energy receiver (ZE Rx) architecture, composed by a

multi-port antenna, a energy harvester branch, an information receiver branch,
and a rechargeable battery.
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Fig. 2. a) Manufactured over-the-air energy harvester demo with a quarter US
dollar for size comparison. The system is composed by a low-impedance an-
tenna manufactured on a printed circuit board (PCB), a MEMS-based matching
network, two antiparallel Schottky diodes C (V') (Model: Onsemi®SBX201C),
two capacitors (Cy = 120 pF), and two resistances (Rg = 5 k2). The MEMS-
based matching network is connected to the circuit board via wire-bonding;
and b) Circuit diagram of the system. The antiparallel diode acts as a rectifier
to convert RF power to DC, while Cy and R4 are in place as a sample-
and-hold circuit. Rj,,q represents the load resistance and, for the case under
investigation, is located off-board.
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Fig. 3. a) Schematic of the implemented single-dipole meandered antenna.
The metal plane is sized to provide a strong ground for the antenna and mimic
the presence of a second dipole while breaking the system’s symmetry; b) ADS
Momentum® simulated radiation pattern; c) Comparison between the simulated
and the measured antenna impedance response (Z). The antenna operates
around 800 MHz and its minimum impedance is 11 €2; d) Microscope image
of an in-house fabricated aluminum nitride MEMS film bulk acoustic resonator
(FBAR); and e) Measured admittance response of the FBAR implemented for
the energy harvester demo.

antenna, a MEMS-based matching network, and a power
management unit. For the sake of prototyping, the antenna
is optimized for a single frequency and the power management
unit is substituted by a simple resistive load to evaluate
the conversion efficiency of the OTA EH. Pictures of the
manufactured prototype and of its equivalent circuit are reported
in Fig. 2a and b, respectively. The system implements a
self-resonant antenna operating around 820 MHz realized
on PCB FR-4 substrate, an in-house fabricated MEMS thin-
Film Bulk Acoustic Resonator (FBAR) as matching network,
two antiparallel Schkotty diodes (C, (V")) arranged in a half-
bridge full-wave rectifier, and an RC sample-and-hold circuit
constituted by capacitance (Cy) and resistance (Ry) for each
of the rectifier’s output branches. The PCB board presents
two output pins to interface the circuit to a variable load
(Rjoaq) for DC voltage and rectified power measurement. A
meandered dipole design is chosen for the RF antenna [14], to
minimize antenna aspect-ratio and offer low radiation resistance.

The dimensions of the meander (length and turns) are set
to ensure a resonance ~820 MHz and sub-50 2 impedance
(|Zin]) at the desired frequency of operation. The ground plane
geometry (Lgrouna and Wepouna, Fig. 3a) is appropriately
designed to allow the adoption of a single-meandered antenna
in place of a double-meandered configuration. By breaking
the antenna’s symmetry, is possible to interface the meandered
antenna to a single-ended circuit while reducing any return loss
and providing a solid ground for the other EH components.

Near omni-directional radiation, as expected for dipole an-
tenna, is simulated via ADS Momentum ®(Fig. 3b). Simulated
|Zin| is verified experimentally after proper de-embedding on
an identical manufactured board provided with an SMA access
port (Fig. 3c). The resonator implemented for the prototype is
an in-house fabricated AIN FBAR (Fig. 3d) operating at 817
MHz [15] [16] [17], with a quality factor (Qs) of 500 and a
electromechanical coupling (k:f) of 7% (Fig. 3e), interfaced to
the circuit via wire-bonding.

During the OTA EH operation, the RF radiation is transduced
by the antenna and converted into an electrical signal. The
MEMS matching network resonates out the capacitance of
the diode at the desired frequency of operation, building up a
large voltage gain across C. Thanks to its non-linear behavior,
the half-bridge full-wave rectifier converts the RF signal to
DC. The presence of the MEMS allows larger voltages across
the diode, which ultimately increases the system’s efficiency.
Ultimately, the sample and hold capacitor (Cy) is used to
maintain a constant DC output voltage from the rectifier, while
R, provides a stable reference bias to the diode.

III. MEASUREMENTS AND RESULTS

The experimental setup for the OTA EH demo is reported
in Fig. 4. The transmitter (Tx) consists of an RF generator,
an RF amplifier, a power source to power the amplifier, and
a high-gain (+4 dBi) broad-band directional antenna (Model:
Aaronia HyperLOG 4025). The amplifier is used to add 30
dBi gain to the continuous wave (CW) signal provided by the
RF generator to compensate for the estimated path loss of the
experimental setup. The OTA EH is placed 0.5 m from the
antenna on a plastic holder and is connected to a resistance
decade box (Z-box) via mini hook cables. A digital multimeter
is connected in parallel to the Z-box to monitor both the load
(Rioaq) and the rectified voltage (Vp¢). For the case under
investigation, the load is set to 10 k{2.

Multimeter |

Fig. 4. Experimental setup, consisting in: a) RF generator and amplifier; b)
transmitting directional, high-gain, broad-band antenna mounted on a tripod;
and c¢) EH demo, located 0.5 m from the antenna. A manually tunable Z box is
used as a load resistance (R;,qq) to calculate the rectified power. The voltage
absorbed by Zj,qq is measured with a digital multimeter.
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Fig. 5. Measured a) load resistance; b) voltage (V}qq); and c) power absorbed

by Zioaq When implementing the MEMS FBAR as matching network (MN).

The circuit implementing the MEMS showcases a 8x improvement in harvested

power.
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Fig. 6. Measured a) load resistance; b) voltage (V;,q4); and c¢) power absorbed
by Zjoaq Without the MEMS.

Fig. 6 and Fig. 5 report the measured load, voltage, and
harvested power for the same OTA EH implementing the FBAR
MEMS matching network and without the matching network,
respectively. The frequency is swept around the series resonance
of the MEMS, to take into account for frequency pulling [18],
while the power is varied between -35 and -15 dBm. As clearly
highlighted by the experimental results, the presence of the
matching network introduces a frequency-dependent voltage
boost, which directly translates to an 8-fold increase in the
harvested power.

IV. CONCLUSIONS

In this work, we demonstrated for the first time the
effectiveness of using MEMS resonators as matching networks
to boost RF-to-DC conversion efficiency in over-the-air energy
harvesters for IoT applications. Experimental results showed a
8-fold improvement in the rectified power output at 800 MHz
when implementing an aluminum nitride FBAR as a matching
element. Despite the limited efficiency attained, these results
have important implications for the development of ultra low
power or zero energy receivers, and further research is needed
to explore the full potential of MEMS technology for these
applications. Implementing higher figure of merit (FOM) [10],
low threshold diodes, and matching the self-resonant antenna’s
impedance to the matched load could significantly improve
the EHs rectification performance, making them more efficient
and cost-effective. Overall, these results indicate that MEMS
resonators are a promising solution for improving voltage
rectification in energy harvester, and to potentially enable the
development and deployment of sustainable, distributed sensing
networks.
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