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Abstract—This paper presents a novel, sustainable microwave
Class-C rectifier for radio frequency (RF) energy harvesting and
wireless power transmission. The proposed rectifier is fabricated
using screen-printing techniques, utilizing a conductive layer
made of silver nanoparticle ink and a sustainable cork substrate.
The proposed rectifier consists of a simple matching network,
a shunt diode, a Class-C harmonic termination structure and
a resistive load. The proposed rectifier is designed to operate
at f = 2.4 GHz, achieving a peak power conversion efficiency
(PCE) of 64% at an RF input power (Pix) level of 24 dBm
and an optimal load (Ry) of 160 ). In the latter case, a DC-
DC boost converter and a supercapacitor (Cour = 0.33 F) are
employed to ensure adequate DC voltage for powering Internet of
Things (IoT) devices, validating the rectifier’s performance. The
proposed system successfully demonstrates the charging of both
the DC-DC booster and the supercapacitor across different Py
levels. Notably, this is the first time that a Cork substrate has
been utilized for designing a microwave Class-C rectifier circuit,
highlighting its potential for future sustainable IoT applications
and RF circuitry design.

Index Terms—Class-C Rectifier, Energy Harvesting, Screen-
printed, Sustainable Cork Substrate, Wireless Power Transfer
(WPT).

I. INTRODUCTION

In recent years, interest in energy harvesting and wireless
power transmission (WPT) has significantly increased, with
the objective of developing battery-free sensing systems and
self-sustaining Internet of Things (IoT) devices [1]-[4]. More-
over, recently, there has been an increasing focus on employing
sustainable, biodegradable materials combined with additive
manufacturing technologies to develop eco-friendly RF cir-
cuits for next-generation wireless communications, particu-
larly for sustainable IoT applications [5], [6]. Technological
advancements in RF circuits have relied heavily on substrates
like FR4 and Rogers, which provide excellent high-frequency
performance. However, these conventional materials are not
considered to be sustainable and can significantly contaminate
the environment if not disposed of correctly, highlighting the
need for more natural sustainable and eco-friendly alternatives
[7].

Cork, a natural biodegradable material, is attracting signif-
icant attention as a potential key component in the future of
sustainable RF circuits, particularly for sensor and antenna
design [8], [9]. Its capacity to minimize the environmental
impact of electronic devices makes it a compelling alternative
to standard non-sustainable materials. Beyond its eco-friendly
attributes, cork is also cost-effective, lightweight, and flexible,
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Fig. 1. Proposed topology for powering IoT sensing devices.

offering sustainability in conjunction with a low dielectric
constant. These qualities make it a good choice for developing
RF circuits, and especially antennas and sensors, supporting
the movement towards greener and more sustainable electron-
ics [8]-[14]. Current literature primarily focuses on the use
of cork materials for designing and developing antennas and
sensors, with no reports on their application in RF circuit
design. Therefore, considering cork for RF circuits is a novel
approach in developing environmentally friendly devices, and
its promising characteristics in this regards make it a strong
candidate for achieving sustainability goals.

Energy harvesting and wireless power transfer are promising
techniques for supplying sufficient direct current (DC) power
to power the next generation of low-power electronic circuits
and IoT devices [1], [2], [4]. At the core of these systems are
rectifying-antennas (rectennas) [15], which play a crucial role
in capturing RF signals and converting them into DC power.
A rectenna circuit consists of an antenna and a rectifier circuit.
The antenna serves as a fundamental component in rectenna
circuits, tasked with harvesting and transferring RF signals [3],
[16]. Similarly, the rectifier is essential for energy harvesting
and wireless power transfer, as it converts the captured RF
signals into DC power. However, rectifiers are non-linear
electronic circuits that produce several high-order unwanted
harmonics during the rectification process [17], [18]. These
harmonics cause power dissipation in the diode rectifiers,
negatively affecting the RF-to-DC power conversion efficiency
(PCE). Controlling these harmonics is essential to enhance
PCE and increase the DC output voltage (Vour—pc) [17],
[18].

In recent years, various techniques have been implemented
to control harmonics, including low-pass filter (LPF) structures
[17]-[26], harmonic termination methods in Class-F [27]-
[29], Class-F~! [30]-[32], and Class-C configurations [33], as
well as harmonic recycling approaches [34]. These methods
effectively manipulate the current and voltage waveforms of
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Fig. 2. DAK-TL system setup for dielectric measurements of the sustainable
Cork sustrate. Equipment: DAK-TL: dielectric assessment kit (DAK3.5-TL)
from Speag [35], VNA: Anritsu MS2038C, Sample: Cork substrate.

the rectifier diodes to minimize their overlap, thereby reducing
power consumption in the diodes. However, the current state
of the art indicates that most designed rectifier circuits rely on
non-sustainable materials, typically high-frequency substrates
such as FR4 and Rogers materials [17]-[34].

This paper presents a novel microwave rectifier that, for
the first time, utilizes screen-printing technology on a sus-
tainable Cork substrate for RF energy harvesting and WPT
applications. Fig. 1 illustrates the proposed rectifier, designed
for charging a DC-DC booster, a supercapcitor (C'oyr = 0.33
F) and powering IoT sensing devices. To succinctly summarize
the main contributions, the key innovations of this research can
be outlined as follows:

« Rectifier Design Methodology: The proposed rectifier uti-
lizes an innovative class-C harmonic termination structure
designed to allow the passage of the DC frequency signal
while controlling harmonics up to the fourth order. This
harmonic termination structure reshapes the current and
voltage waveforms of the Schottky diode to minimize
their overlap, effectively reducing power loss in the diode.
As a result, this approach enhances the DC voltage signal,
leading to improved PCE and overall rectifier perfor-
mance. Moreover, to validate the rectifier performance,
a DC-DC booster and a supercapacitor was powered for
varying Py levels.

o Manufacturing Process: For the first time in the field,
the proposed Class-C rectifier is designed on a sus-
tainable cork substrate. Additionally, the manufacturing
process utilizes a screen-printing technique combined
with nanometer-scale silver ink. This approach creates
new opportunities for designing RF circuits with a focus
on sustainability.

The rest of the paper is structured as follows: Section II
covers the design aspects of the proposed Class-C harmonic
termination network and the manufacturing process of the
proposed rectifier. Section III provides an in-depth analysis
of the rectifier’s performance in powering an electronic load.
Finally, Section IV outlines the main conclusions of this study.

II. RECTIFIER DESIGN METHODOLOGY

To design the proposed circuit, the initial step involves de-
termining the permittivities of the Cork substrate. As depicted
in Fig. 2, for this purpose, the DAK-TL system is utilized
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Fig. 3. Schematic of the proposed Class-C harmonic termination structure.

to measure key parameters such as the dielectric constant
(er), loss tan(d), and additional substrate properties across
a range of frequencies. The rectifier is implemented on a
cork substrate, chosen for its sustainability, featuring a relative
permittivity of ¢, = 1.39 and a loss tangent of tand = 0.038
at 2.4 GHz. These dielectric characteristics were determined
using a dielectric assessment kit (DAK3.5-TL) from Speag
[35]. For the simulation and design process, the conductive
layer was modeled as a metallic layer with a thickness of
10pm and a conductivity of 3.94 x 10° S/m at 2.4 GHz. In
the following, an in-depth discussion of the Class-C harmonic
termination structure and the rectifier design will be presented
in subsections A and B, respectively.

A. Class-C Harmonic Termination Design Theory

In this paper, the proposed rectifier circuit incorporates an
innovative Class-C harmonic termination network to control
rectifier harmonics across multiple frequencies (f = DC, fo,
2fo, 3fo and 4f;). The proposed Class-C harmonic network
is designed and simulated using the commercial software,
Keysight Advanced Design System (ADS). Fig. 3 depicts the
proposed class-C harmonic network, which consists of a series
filter and a transmission line (TL; = M4, a quarter wavelength
line), in parallel. According to design theory, the impedance
termination for the proposed Class-C network can be expressed
as

RL w=20
Zx = 00 W = Wp, 3Wo, ... (1)
0 WZQWO,4OJQ,...
00 w=20
jWQLs + m W = wp
ZX = j2w0LS + m w = 2w0 (2)
0 w = 3wy
RL w=20
Zx((.UQ) W = Wo
=2
Zowsc=Zal Zx =4 0 w=Zoo
0 w = 3000
0 w = 4w

According to equation (3), the proposed Class-C harmonic
network provides Ry, at w = 0 (DC), which means the structure
can provide a DC path during rectifying the power. In addition,
it provides Zx(wp) at fundamental frequency (w = wp), which
can help matching network to compensate the imaginary part
of Schottky diode (Zpiode = Rp - jX D). At 2wy, 3wy and 4wy,
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Fig. 4. The proposed Class-C rectifier, (a) Schematic/PCB layout. (b) Cork
substrate. (c) fabricated sample. List of Components: Diode: HSMS2820
(package: SOT-23), Ry, = 160 €2 (package 1206) SMD resistor from Welwyn,
C1 =3 pF (Package 0603), C'2 = 100 pF (Package 0603), C\ = 1 pF (Pack-
age 0603), C's = 0.3 pF (Package 0603), Lyr; = 3 nH (Package 0805HT),
Ly = 6.8 nH (Package 0805HP), Lg = 1.15 nH (Package 0604HQ). All
capacitors are Multi-layer Ceramic Capacitors MLCC-SMD/SMT from the
Murata Electronics, and all inducators are from the Coilcraft.

it generates a short-circuited impedance, which is necessary
for reshaping the voltage and current waveforms of the diode
and fulfilling the Class-C harmonic termination conditions. A
Class-C rectifier can be realized by selecting suitable values
for the lumped components in the series filter and determining
an appropriate characteristic impedance for TL;.

B. Rectifier Design

A Schottky diode (HSMS-2820-BLKG) from Broad-
com/Avago in a shunt topology is employed as the RF-to-
DC element. A simple T-type matching network using lumped
components is designed to match input impedance of rectifier
(Z1n showed in Fig. 3) to a 50 2 standard impedance of Signal
generator. The proposed rectifier was fabricated using Screen-
Printed technologies in cutting-edge laboratories at Tyndall
National Institute, Ireland. A photo of printed circuit board
(PCB) layout and fabricated prototype of the proposed rectifier
are illustrated in Fig. 4. The final rectifier size is 26.3 mm
x 13.7 mm, indicating a compact design. In this paper, the
shape of the final rectifier layout was cut on vinyl stencil
material using a Cricut machine. The stencil was then placed
on the cork substrate, and the cut-out areas were manually
filled with silver ink. After the fabricated sample was placed
in an oven for drying, the vinyl stencil was removed post-
curing. To assemble the components on the PCB, conductive
Silver paste (CW2400, a conductive epoxy consisting of a 50%
mix of part A and 50% part B) was utilized. To ensure strong
adhesion of the components on the PCB, the assembled circuit
was subsequently placed in an oven at 50 °C (Centigerad
degree) for 5 minutes (for future work, the curing process and
temperature should be optimised). In the following section, the
performance of the fabricated prototype will be evaluated and
discussed.
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Fig. 5. (a) Experimental setup for measuring S11 parameter.(b) Measured
S11 response for the proposed rectifier at varying PN levels. Equipment:
Network analyzer: ROHDE & SCHWARZ ZNB 8 Vector Network Analyzer
9KHz to 8.5 GHz.

70

60 - Simulated

50 - == . Measured

40 -
30

PCE (%)

20 [
10 -

0 L L . L . L
-10 -5 0 5 10 15 20 25 30
Input Power (dBm)

Fig. 6. (a) Simulate and measured PCE results for the proposed rectifier at
varying PN levels. Equipment: RF signal generator: ROHDE & SCHWARZ
SMA-100B up to 6GHz, DC volt-meter: Extech EX330 from EXTECH
Instruments.

III. DISCUSSION OF RECTIFIER PERFORMANCE AND
RESULTS

This section aims to provide an in-depth discussion of the
simulated and measured results for the proposed rectifier. The
analysis was carried out in two phases: Phase #1 focuses on a
technical discussion of the rectifier’s performance, while Phase
#2 discusses powering a DC-DC booster and a supercapacitor.

A. Phase #1: Rectifier Performance Evaluation

For evaluation of a rectifier, the reflection coefficient (S11)
and PCE are important paramaters to consider. Fig. 5 shows
a photo of experimental setup and the measured S1; response
at different Pry levels. As shown in Fig. 5(a), the rectifier
prototype is connected to a Vector Network Analyser (VNA)
to measure Si; parameter. Fig. 6 shows the simulated and
measured results for the proposed rectifier. According to
measurement setup, an RF signal generator was connected
to the proposed Class-C rectifier, and a DC volt meter was
employed to measure Vour_pc across Rp. The resulting
PCE was then calculated as:

PCE = Pourpc _ (Vournc)? « 1 < 100%  (4)
IN Rr PN

In this equation, V oyTt—pc is the DC voltage at the output
of the rectifier, Ry, is the output load resistance and Piy is
the RF input power. According to the obtained results shown
in Fig. 6, the proposed rectifier has a maximum measured
PCE of 64% at Piny = 24 dBm for an optimum Ry, = 160
Q. According to the obtained results, the proposed Class-C
rectifier illustrates a good performance regarding size, PCE
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Fig. 7. (a) Experimental setup for powering a DC-DC booster. (b) Measured

results of the DC voltage at the booster’s output (V paT pin). Equipment: RF
signal generator: ROHDE & SCHWARZ SMA-100B up to 6GHz, DC-DC
booster: ADP5090 evaluation board from Analog Devices (ADI), PicoScope:
PICOSCOPE 2204A from Pico Technology Ltd.

and Si; response, which is required for use in RF energy
harvesting and wireless power charging systems.

B. Phase #2: Demonstrating of Powering of an Electronic
Circuit

To assess the performance of the rectifier and demonstrate
the feasibility of powering an electronic circuit, a DC-DC
booster and a supercapacitor are used in the power manage-
ment setup. The DC-DC booster is employed to supply a
sufficient DC voltage, typically 3.3 V, necessary for powering
standard electronic circuits and IoT sensors. The ADP5090
evaluation board from Analog Devices (ADI) is selected as
a DC-DC boost converter due to its reliable features and
operation. Fig. 7 depicts a photo of experimental setup and
measured results for powering the ADP5090 booster for vary-
ing Pix levels. Figure 7(a) illustrates the experimental setup
for powering the DC-DC booster, where a PicoScope used to
measure and display the DC voltage at the booster’s output
(VBaT) denoted on the ADP5090 evaluation board). Fig. 7(b)
shows measured Vpar varying Piylevels. The DC-DC boost
converter operates in three distinct modes, which are described
below.

e Mode 1: The DC-DC booster requires an initial cold-start

time (tcg) to increase from O V to Vcold—start = 1.8 V.

o Mode 2: After reaching this voltage, it switches to fast
charging mode, continuing to rise from V colq—Start tO
Vamax = 3.6 V, as represented by ¢x in Figure 7(b).

e« Mode 3: Once Viax is reached, the system enters a
stable mode, delivering a steady DC voltage suitable for
powering electronic circuits and IoT devices.

According to obtained results in Fig. 7(b), by increasing
Pin level, the DC-DC booster needs a shorter time (tcg) to
reach Vcold—stars- In the latter, a supercapacitor (Coyr =
0.33 F) is employed to store the delivered DC power from DC-
DC booster and proposed rectifier. Fig. 8 illustrates required
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Fig. 8. (a) Experimental setup for charging a supercapacitor (Coyt = 0.33
F). (b) Measured results of the DC voltage across CouT. at RF Py level
of +12 dBm.

charging time for the supercapacitor for an RF Py level of
12 dBm. According to Fig. 8 (b), the Coyr = 0.33 F requires
150 minutes time (2.5 hours) to fullycharge the supercapacitor
for an RF Py level of 12 dBm. It is clear that as the Py level
increases, the charging time decreases, and the opposite is true
when the Py level decreases. The proposed system has shown
promising performance in powering both the DC-DC booster
and a supercapacitor, making it well-suited for powering IoT
devices and supporting wireless charging systems.

IV. CONCLUSIONS

This paper presented a sustainable and efficient Class-C
rectifier for RF energy harvesting and wireless power trans-
mission, fabricated using environmentally friendly materials,
a cork substrate and silver nanoparticle ink. The rectifier,
designed to operate at 2.4 GHz, achieves a peak PCE of 68%,
demonstrating excellent performance at a Py level of 24 dBm
and a load resistance of 160 2. The successful integration of
a DC-DC boost converter and supercapacitor further validates
the rectifier’s capability to power IoT devices, showcasing its
potential for future applications in sustainable wireless power
systems. The use of Cork substrate in designing a microwave
Class-C rectifier, a first in this field, opens new possibilities
for eco-friendly IoT designs and energy-efficient technologies.
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