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A wideband rectenna based on a Corrugated Antipodal Vivaldi Antenna (AVA) with a notched band is proposed
for energy harvesting applications. The antenna performance is studied parametrically by varying the corrugated
and rectangular spiral slot (RSS) structures and also by integrating the antenna with a rectenna for energy
harvesting applications. The AVA rectenna achieves an Si1 of less than -10 dB from 2.38 GHz to beyond 20 GHz.
An AVA with two corrugations at the lower position of the radiator increases the bandwidth by 300 MHz
compared to an AVA without corrugation. At 2 GHz, AVAs with three and four corrugations exhibit a directivity
of 5.73 dBi, compared to 2.9 dBi for an AVA without corrugation. Increasing the corrugation depth enhances the
gain, ranging from 3.05 dBi to 9 dBi. The notched band shifts to lower frequencies as the spiral strip slot
lengthens, so we can set the desired notched band by adjusting the length and position of the RSS. Furthermore,
Integration of a rectangular spiral slot (RSS) enables tunable notched bands, providing flexibility to reject
interference from unwanted frequency ranges. The agreement between simulation and measurement confirms

that the proposed AVA rectenna is also a strong candidate for wideband energy harvesting applications.

1. Introduction

Information and communication technology systems are expected to
become increasingly commonplace and abundant in our surroundings
due to ongoing technological advancements. Recent developments in
telecommunications and radar technology include RFID, WiMAX com-
munications [1], Bluetooth, LTE, Wi-Fi [2], vital sign monitoring [3], 5
G [4], V2X communications [5], and advancements in radar technology.

As is well known, Internet of Things (IoT) devices can be utilized
across various fields, including logistics, security, energy, healthcare,
and agriculture. These devices require a low-cost network, can be
deployed indoors, and are often used in large quantities for identifica-
tion and localization purpose [6]. IoT technology ultimately aims to
wirelessly connect devices such as sensors, transmitters, receivers, and
other components. With continued technological advancements, it is
anticipated that billions of IoT devices will exist in the future. This
growing demand directly impacts the need for energy sources, such as
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batteries, which must be constantly charged or replaced, necessitating
the development of self-powered systems to sustain these devices.

Rectennas are environmentally beneficial devices that enable the
recycling of radio wave energy by harvesting radio frequency (RF) en-
ergy. A rectenna consists of an antenna and an RF rectifier circuit [7].
One of the key challenges in electromagnetic wave energy harvesting
technology is developing sufficient power density to support
self-powered devices [8].

Technological advancements have also led to the development of
wireless devices capable of performing Radio Frequency Energy Har-
vesting (RFEH). Recently, the proliferation of wireless connections for
various applications has raised concerns regarding wireless power
transmission. An environment with abundant electromagnetic waves
can be utilized for energy harvesting at frequencies ranging from 0.7 to 4
GHz, covering 2 G, 3 G, 4 G, 5 G, and Wi-Fi bands. However, applying
energy harvesting to low-power devices remains challenging due to the
need for extended battery life and the high cost of battery replacement
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Antennas and RF rectifiers play a crucial role in energy harvesting
systems, as they determine the efficiency of converting ambient RF en-
ergy into usable electrical power. Research on energy harvesting an-
tennas has been conducted by several researchers using multiband
[10-13] and wideband frequencies [14-17]. One of the antennas that
can work in wideband frequencies is the Vivaldi antenna. Numerous
studies have been undertaken on the Vivaldi antenna to enhance
bandwidth and augment gain. The Coplanar Vivaldi antenna with a
rectangular corrugated shape has a size of 280 x 170 mm and can work
at a frequency of 0.32 —0.95 GHz [18]. Research on the Coplanar
Vivaldi antenna with rectangular corrugated antennas has also been
carried out [19] for microwave imaging applications that can work at
frequencies of 1.96 - 8.61 GHz with a size of 50 x 62 mm. Flexible
rectangular corrugated Vivaldi antenna has been designed [20] for
through wall radar applications with a size of 58.9 x 46 mm and can
work in 3 frequency bands, namely 2.56- 4.03 GHz, 5.03 - 5.92 GHz and
7.2 - 7.5 GHz. Studies on Vivaldi antennas including various corrugated
edge constructions have been conducted to evaluate the impact of
corrugation on mutual coupling performance, operating throughout the
frequency range of 0.5 to 4.5 GHz [21]. Several corrugated structures
have been carried out by several researchers to increase the bandwidth
and gain of the Vivaldi antenna, but the resulting bandwidth is still
limited.

The antenna is a crucial component of energy harvesting. It receives
electromagnetic waves, while the rectifier converts the RF signal into DC
form, and the matching network circuit connects the antenna to the
rectifier [22]. Research on rectennas has been conducted using a Wil-
kinson power divider to achieve circular polarization with a rectangular
patch antenna operating at frequencies of 1.8-3.15 GHz, 5.45 GHz, and
5.8 GHz [23]. A rectenna utilizing a coplanar Vivaldi antenna for energy
harvesting at 2.4 GHz and 5.8 GHz has been studied in [24], producing a
voltage of 1.8 V or 2.14 pW/cm? at 2.4 GHz and 5.8 GHz. Although this
design is intended for energy harvesting applications, it has a limited
bandwidth and only supports dual-band frequencies. Research on a
rectangular corrugated AVA operating from 0.8 to 4.24 GHz has been
discussed in [25]. However, this design has a large size (230 x 230 mm?)
with a corrugated box shape and has not yet been applied for energy
harvesting measurements. In contrast, the antenna we propose features
an expanded bandwidth and employs exponential corrugation. We have
utilized it for energy harvesting applications and incorporated an
additional structure, specifically a rectangular spiral strip slot, to enable
frequency notching at multiple points. The application of Vivaldi an-
tennas for energy harvesting remains limited, despite the fact that future
energy harvesting technologies could be beneficial for various applica-
tions. A rectenna with a fractal Koch structure for energy harvesting at
1.5-2.65 GHz has been studied in [11]. Additionally, a spiral-shaped
antenna capable of operating at UHF and UWB frequencies (3.1-4.8
GHz) as well as at 868 MHz has been investigated in [6]. Research on a
UHF rectenna with circular right/left-hand polarization operating be-
tween 0.7 and 1 GHz, with a compact size of 164 x 37 mm? has also
been conducted for energy harvesting applications [26].

Various antenna designs have been explored for energy harvesting,
but many lack wideband capabilities. Research has been conducted on
wideband monopole antennas with an Split Ring Resonator (SRR)
structure operating from 2 to 10 GHz, which include a notched band at
2.5-3.5 GHz [27]. A rectenna design utilizing a rectangular patch
operating at 2.4 GHz has demonstrated an efficiency of 78.53 % [28]. A
rectangular slot antenna operating from 1.7 to 2.7 GHz has achieved an
efficiency of 40 % [29]. A dipole rectenna operating at 1.7-3 GHz has
produced a power density of 7.6 pW/cm?. Furthermore, research on
flexible materials for energy harvesting at 2.45 GHz has been explored in
[29], demonstrating operation in the ISM band. By placing the rectenna
10 cm from a router, a voltage of 0.51 V was achieved. Additionally, a
study on a rectenna operating in dual-frequency bands (2.4 GHz and 5.8
GHz) achieved efficiencies of 65.7 % and 62.4 %, respectively [30].
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Rectenna research conducted so far has primarily focused on specific
frequency. However, the demand for transmitting large amounts of data
has significantly increased [31]. Wideband antennas can theoretically
capture more energy from radio waves than narrowband antennas or
circuits. This is because wideband antennas can harvest electromagnetic
waves over a broad range of frequencies. A wideband antenna can
gather energy from various signal sources across a larger spectrum,
including TV, Wi-Fi, and radio transmissions. The potential energy
received increases with the number of frequencies captured. In contrast,
narrowband antennas focus on one or a few specific frequencies,
limiting the amount of received energy. The criteria for a wideband
antenna is if the antenna has an impedance bandwidth of more than 20
%. Vivaldi antenna can work at a very wide frequency, but for energy
harvesting applications, a rectenna is needed that is adjusted to the
antenna’s working frequency. So by providing RSS, a notched frequency
band will be formed so that the desired frequency can be notched ac-
cording to the existing rectifier circuit. Therefore, developing a multi-
band or broadband rectenna capable of harvesting ambient RF energy
from multiple frequency bands simultaneously is essential, though
challenging.

Since ambient electromagnetic waves typically exhibit random po-
larization and varying angles of incidence, antennas designed for RF
energy harvesting must possess omnidirectional radiation patterns and
operate over a wide frequency range. Configurable UWB antennas with
integrated energy harvesting capabilities are particularly attractive for
applications such as the Internet of Things (IoT), where frequent battery
replacements are impractical. Future research into battery-free antennas
integrated with energy harvesting holds great promise for various
intelligent and reconfigurable RF applications [32].

Research on reconfigurable antennas has demonstrated promising
results. In [33], a reconfigurable approach was used to create five
notched frequency bands utilizing S-shaped strips and spiral strip
structures. Similarly, research on trapezoidal monopole antennas with
notched bands incorporating 1-shaped strips has been conducted in [34].
Research on monopole antennas using C and H slots and pin diodes to
create 3 notched frequency bands has also been done in [35]. Addi-
tionally, studies on reconfigurable Vivaldi antennas have been per-
formed in [36] and [37] where complementary split-ring resonator
(CSRR) structures were implemented in coplanar Vivaldi antennas.
However, these studies applied reconfigurable techniques only to
monopole and coplanar Vivaldi antennas, while our research focuses on
applying the reconfigurable technique to antipodal Vivaldi antennas, a
topic with limited prior discussion. Typically, reconfigurable techniques
involve external electronic components, requiring high accuracy. The
use of reconfigurable techniques is crucial for energy harvesting an-
tennas, as they must adapt based on the type of signal they are designed
to capture.

From the discussion above, it is evident that a wideband antenna is
necessary for effective radio wave energy harvesting. In this research,
we focus on antipodal Vivaldi antennas capable of operating across
wideband frequencies and making key contributions in this domain:

o Design a compact Corrugated Antipodal Vivaldi Antenna (AVA) that
operates across a wideband frequency range from 2.38 GHz to
beyond 20 GHz and supports multiband operation.

e Develop an exponential corrugated AVA structure and analyze the
effect of the number and position of corrugations on the antenna’S11
performance, directivity, and bandwidth enhancement.

e Optimize the shape and placement of the rectangular spiral slot (RSS)
structure to generate and control notched frequency bands.

e Fabricate and measure the proposed antennas, demonstrating their
suitability for wideband energy harvesting applications.

2. Antenna design

The Antipodal Vivaldi Antenna (AVA) designed in this study consists
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of a copper patch with a thickness of 0.035 mm and an FR4 substrate
with a relative permittivity of 4.3 and a thickness of 1.6 mm, as shown in
Fig. 1. FR4 material is easy to obtain and has a relatively cheap price and
is good for low and medium frequencies. However, at high frequencies,
FR4 experiences increased dielectric losses. This means that some signal
energy will be lost as heat, which can affect circuit performance at high
frequencies.

The antenna structure is designed with a slanted tapered slot, which
follows the mathematical formulation provided in Eq. (1) [31]:
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The AVA features a tapered slot design that enhances its wideband
performance. The radiating patch (yellow region) and ground plane (red
region) are structured to optimize impedance matching and radiation
characteristics. The antenna includes an exponential corrugation struc-
ture, strategically positioned to improve directivity and enhance energy
harvesting capabilities. Additionally, a spiral slot structure is incorpo-
rated within the antenna to enable frequency notching, allowing for
selective band rejection.

The design and performance of the antenna were analyzed and
optimized using CST Studio Suite. The software was used to simulate key
parameters such as S11 performance, radiation patterns, gain, and
directivity, ensuring the antenna meets the requirements for wideband
energy harvesting applications.

The equation governing the slope of the tapered slot, denoted by y,
depends on the constants C1 and Cz. These constants are determined by
the initial position coordinates (X1, Y1) and final position coordinates
(X2, Y2), along with the opening rate constant R. To evaluate the return
loss and directivity performance, a parametric study was conducted by
varying the number and placement of corrugations on the antenna.
Fig. 1 and Table 1 illustrate the antenna’s dimensions and design.

Additionally, multiple rectifier circuits were designed and tested on
an AVA with four corrugated slots. The rectifier circuit plays a crucial
role in converting the RF signal received by the antenna into a DC signal.
To enhance RF-to-DC conversion efficiency, a multi-stage voltage
multiplier topology was implemented, as shown in Fig. 2. This layered

A

Fig. 1. Antipodal Vivaldi Antenna (AVA) (a) The front view of the AVA,
showing the main tapered slot and patch design, (b) Illustration of the applied
corrugation structures on the patch, which enhance antenna performance by
improving impedance matching and directivity, and (c) A detailed view of the
Rectangular Spiral Slot (RSS) integration, which is used for band rejection and
frequency tuning.
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Table 1

Dimension of the Antenna (see on Fig. 1).
Par Dim (mm) Par Dim (mm) Par Dim (mm)
A 60 R 0.35 (6] 3.5
B 70 R1 0.05 P 8.5
C 25 R2 0.05 Q 2.5
D 26.5 R3 0.25 R 4.5
E 8 R4 0.25 S 1.25
F 7 R5 0.15 T 1.5
G 9 R6 0.25 U 0.25
H 5 R7 0.15 v 10.25
I 8 R8 0.25 w 1.6
J 14.5 R9 0.25 X 18.5
K 18.5 R10 0.25 Y 10
L 21.5 R11 0.25 Z 3
M 21 N 3

rectifier circuit increases the output voltage derived from the input RF
voltage, which is essential for RF energy harvesting, as ambient RF
signals are often weak and variable. The rectifier design employs a
multi-stage configuration using a combination of diodes and capacitors
to double the output voltage, as illustrated in Fig. 2. The RF-to-DC
conversion efficiency can be expressed as follows [29,30]. The recti-
fier circuit uses a Villard voltage multiplier topology, where the diode
acts as a multi-stage rectifier and the capacitor acts as a coupling and
storage device. Power Conversion Efficiency (PCE) is a key parameter in
evaluating the performance of a rectenna system, indicating the extent
to which received radio frequency (RF) power can be converted into
direct current (DC) power. Mathematically, PCE is expressed by the Eq.
(2) and (3):

_Ppc VpexIpc V3
RE-pC = p T T Per P xR, 2
Ppc(dBm) — 30
Ppc(W) = 10% 3)

where #gp_pc is the power conversion efficiency, Vp¢ is the DC output
voltage generated by the rectifier circuit, Pgr is the RF input power
received at the rectifier input terminal, and R;, is the load resistance
connected to the rectifier output. The Vp¢ value can be obtained directly
through measurement using a multimeter or oscilloscope with a DC
probe, while R; is the resistance value intentionally selected in the
experimental design, typically determined based on output power
optimization. Meanwhile, Pgr can be determined either through direct
measurement using an RF power meter or theoretically using wave
propagation equations. To determine the input rectenna Rf, it can be
calculated using Friis equation. Theoretical calculations of RF input
power often refer to the free-space path loss equation, which in loga-
rithmic form is written as Eq. (4):

Pr=Pt+Gt+Gr—1ILp ()]

Pt is the transmitter power obtained from the transmitter device
specifications or RF measuring equipment, Gt is the transmitter antenna
gain, and Gr is the receiver antenna gain (rectenna), both of which are
obtained from the datasheet or electromagnetic simulation results using
software such as CST or HFSS. As for Lp, which is path loss, it is calcu-
lated using the Eq. (5)

Ly = 20log,,(d) + 20log,,(f) + 147.55 (5)

Where d is the distance between the transmitter and receiver in meters,
which can be physically measured in a laboratory, and f is the system
operating frequency in MHz, corresponding to the RF source used. By
carefully combining all these parameters, one can accurately estimate
the efficiency of the rectenna system and understand the influence of
each variable in the power conversion chain from RF to DC. Where Lp is
the constant value of Free Space Path Loss (FSPL) of 147.55 dB. Mea-
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Fig. 2. Rectifier design: (a) three-stage, (b) four-stage, and (c) five-stage configurations.

surements were taken assuming no signal obstructions.

The 1N5819 diode is a type of Schottky diode that is widely used in
high-frequency rectifier applications such as rectennas, due to its su-
perior characteristics in terms of switching speed and low forward
voltage. According to the datasheets from ON Semiconductor, Vishay,
and STMicroelectronics, this diode has a number of important specifi-
cations that make it highly suitable for RF-DC conversion.

Technically, the 1N5819 has a typical forward voltage drop (Vp) of
only about 0.3 to 0.45 V at a current of 1 A, which is significantly lower
than that of a standard silicon diode (approximately 0.7 V). This low
voltage is crucial in rectenna systems, especially when handling very
low-power RF signals (such as —10 dBm to 0 dBm), as it allows more RF
energy to be converted into DC voltage without being “lost” at the diode
junction. This diode also features fast switching capability with a junc-
tion capacitance (Cj) of only approximately 110 pF, as well as extremely

short reverse recovery time, making it highly responsive to high-
frequency signals, such as those in the 900 MHz to 2.4 GHz band.PDC
represents the power output, PRF is the RF power input, VDC is the
output voltage, IDC is the DC input, and RL is the load resistance. The
overall conversion efficiency of electromagnetic radiation to DC, also
known as radiation-to-DC efficiency, is used to evaluate the effectiveness
of the rectenna system. This efficiency is a combination of radiation-to-
AC efficiency, which primarily depends on the antenna, and AC-to-DC
conversion efficiency, which is mainly determined by the rectification
circuit [38].

3. Result and discussion

Fig. 3 illustrates the differences in directivity and reflection coeffi-
cient between an AVA without corrugation, an AVA with a single
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corrugation on the top radiator, and an AVA with a single corrugation on
the bottom radiator. The figure shows that the reflection coefficient
values across all frequencies from 2.3 to 20 GHz vary only slightly. The
performance of reflection coefficient at —10 dB at low-end frequencies is
obtained at 2.38 GHz, 2.52 GHz, and 2.6 GHz for AVA with one bottom
corrugation, one top corrugation, and without corrugation structure,
respectively. In addition, there is a slight difference in the directivity of
the three AVA models. At 3 GHz, the AVA with one top corrugation has a
directivity of 5.71 dBi, while the AVA with one bottom corrugation has a
directivity of 4.05 dBi and the one without corrugation structure has a
directivity of 4.24 dBi. However, the antenna with one corrugation on
top and one without corrugation structure has a higher directivity at 7
GHz than the AVA with one corrugation on the bottom. The difference in
directivity and reflection coefficient for the single corrugation antenna is
not very significant.

Fig. 4 compares the directivity and reflection coefficient of antennas
without corrugation to those with two corrugations at different loca-
tions. It is evident that at the low-end frequency, the first resonance at
—10 dB reach for AVA with two corrugated antennas at 2.32 GHz. The
AVA with corrugated below the antenna forms the first resonance at —10
dB at 2.27 GHz, while AVA without corrugation at the 2.6 GHz fre-
quency. This indicates a boost in bandwidth performance of approxi-
mately 330 MHz at the low end of the frequency.

The AVA with the two corrugated sections below has a directivity of
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Fig. 4. S11 and Directivity performance between AVA without corrugation and
AVA with 1- corrugation slot.
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5.42 dBi at the 2 GHz frequency, whereas the AVA with the corrugated
sections above has a directivity of 3.79 dBi, and the AVA without the
corrugation has a directivity of 2.91 dBi. The directivity between AVA
with two corrugated places below and AVA without corrugation is thus
increased by 2.51 dBi at the 2 GHz frequency, according to these
simulations.

Fig. 5 compares the directivity and reflection coefficient of AVA
without corrugation and with 1, 2, 3 and 4 corrugations on the top of the
antenna. At frequencies lower than 5 GHz, the disparity in S1; perfor-
mance is very apparent. AVA without corrugation has a low-end reso-
nance frequency of S1; (—10 dB) at 2.6 GHz with a minimum impedance
at —36.27 dB at 4.3 GHz. AVA with three corrugations has an S1; at —10
dB at frequency of 2.25 GHz and results a minimum S;; below 5 GHz of
—40.64 dB at 3.2 GHz. There are multiple resonance frequencies below 5
GHz for AVA with four corrugations, with a minimum S;; of —51.64 dB
at 2.58 GHz. That antenna has S;; of the antenna is nearly all below —15
dB at the 2.29 GHz to 3.43 GHz.

Based on previous simulation results, it was discovered that the an-
tenna with four corrugations had the best performance in terms of return
loss. It is beneficial to state an antenna as an equivalent circuit because it
allows for the antenna to be treated in the same manner as other com-
ponents. This allows for additional analysis to be carried out using
traditional electric circuit theory and transmission line theory [39-41].
Fig. 6 illustrates the tuned RLC equivalent circuit of the proposed an-
tenna, along with the reflection coefficient. The reflection coefficients
produced by CST are compared with the reflection coefficients obtained
using ADS, and both show agreement in shape, resonance frequency,
and bandwidth as shown in Fig. 7.

Whereas Fig. 8 shows that at the 2 GHz frequency, the AVA with
corrugation exhibits better directivity than the AVA without corruga-
tion. AVA without corrugation has a directivity of 2.9 dBi at 2 GHz,
however the AVA with three corrugations has a directivity of 5.73 dBi,
which is 2.82 dBi higher than AVA without corrugation. But at 7 GHz,
the converse is true, with 4 corrugations doing the worst out of all of
them. The instability of increased directivity occurs at all frequencies. At
lower frequencies, the corrugated structure has the potential to boost
directivity; however, at higher frequencies, the directivity of the struc-
ture is rather variable. This occurs due to the fact that the antenna is
constructed out of FR4 material, which means that there will be
dielectric losses at high frequencies.

From the simulation results as shown in Fig. 9, it was found that there
was a slight difference in the performance of the reflection coefficient
between AVA types A, B and C. AVA type A has a minimum reflection
coefficient at frequencies below 5 GHz of —51.65 dB at 2.58 GHz, AVA
type B has the lowest reflection coefficient at —41.49 dB at the 2.76 GHz
frequency, AVA Type-C has the lowest coefficient of —31.53 dB at the
3.11 GHz frequency.

However, AVA type-C also had a resonance at 1.98 GHz of —19.26
and had the lowest return loss at the 16.8 GHz frequency of —58.081 dB.
The difference in the number of slots on corrugated can affect return loss
performance, especially at low frequencies. From the directivity simu-
lation results, it was found that AVA type C directivity is the best at most
frequencies below 12 GHz. At the 2 GHz frequency, AVA type-C has a
directivity of 8.03 dB, while AVA type-A has a directivity of 5.69 dBi and
AVA B of 4.98 dBi. This means there is an increase of 3.05 dBi between
AVA Type C and B at the 2 GHz frequency. Meanwhile, from the simu-
lation results it was found that AVA type C has the highest directivity at
the 15 GHz frequency of 9.07 dBi. It is possible to get a higher level of
directivity by constructing a corrugated structure that has a greater
number of slots, a narrower slot width, and deeper exponential slots
(close to the two tapered slots in the middle). However, at a frequency of
around 2 GHz, it is seen that in terms of reflection coefficient perfor-
mance, a smaller number of corrugations has better performance than a
large number of corrugated.

Figs. 10 shows the difference in return loss performance of AVA types
C with the rectangular spiral strip slot structure on the opposite side of
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the feeder and located quite close to the feeding. From the simulation
results, it can be seen that the return loss value forms a notched fre-
quency band by changing the length of ys. In Fig. 10 it can be seen that
when ys = 3.75 mm the notched band occurs at 3.24 to 3.91 GHz, while
when ys = 6.25 mm the notched frequency band occurs at 3.03 to 3.65
GHz, when ys = 8.75 mm the notched band occurs at a frequency of 2.72
up to 3.29 GHz and when ys = 11.25 mm, the band is notched frequency
occurs at 1.39 to 1.94 GHz, also at 2.57 to 2.94 GHz. It can be concluded
that, the longer ys is, the more the notched frequency band shifts to the
lower frequency or shifts to the left. The use of a RSS structure can be
used to filter the desired frequency by adjusting the length and geometry
of the spiral as well as the position of the spiral.

Fig. 11 shows a comparison of the polar radiation pattern of the AVA
antenna without corrugation and the AVA radiation pattern with 4
corrugations at theta 90° at frequencies 2 GHz, 4 GHz and 7 GHz. At the
2 GHz and 4 GHz frequencies, the radiation pattern of AVA with 4
corrugations has a higher main lobe than AVA without corrugations. At
the 2 GHz frequency AVA without corrugation produces a Main lobe of
2.9 dBi, main lobe direction 170 deg, angular width 3 dB, 74.6 deg and
Side lobe level —1.4 dB while AVA with 4 corrugations produces 5.73
dBi, main lobe direction 87 deg, Angular width 3 dB 67 deg and Side
lobe level of 0.8 dB. At the 2 GHz frequency, it can be seen that there is
an increase in the main lobe of 2.83 dBi. At 4 GHz, AVA without
corrugation produces main lobe 5.35 dBi, main lobe direction 124 deg,

angular width 105.9 deg and side lobe level —4.2 dB while for AVA with
4 corrugations produces main lobe 6.93 dB, main lobe direction 92 deg,
angular width 80.2 deg and Side lobe level —11.1 dB. At the 4 GHz
frequency, AVA with corrugation produces a main lobe increase of 1.58
dBi and an increase in side lobe level performance of 6.9 dB. At the 7
GHz frequency, AVA without corrugation produces 7.22 dB while AVA
with 4 corrugations produces 6.92 dB main lobe. At the 7 GHz frequency
the AVA main lobe without corrugation is higher than the main lobe
with corrugation. The provision of a corrugation structure can improve
the performance of radiation patterns at several working frequencies,
especially at frequencies below 5 GHz. So that corrugation structures
can be used as an alternative to improve the performance of radiation
patterns at the desired frequencies.

The co-polarization and cross-polarization of the AVA antenna with
four corrugations are depicted in Fig. 12. The radiation pattern of co-
polarization is established at Theta = 90 degrees, whereas the cross-
polarization is defined at Phi = O degrees. At a frequency of 2 GHz,
the co-polarized antenna generates a main lobe magnitude of 5.13 dBi,
positioned at 88 degrees. At frequencies of 3 and 4 GHz, the co-polarized
main lobe exhibits gains of 5.99 dBi and 7.14 dBi, respectively, with
main lobe directions of 83 degrees and 94 degrees. At frequencies of 2, 3
and 4 GHz, the cross-polarization antenna exhibits main lobe gains of
—3.84 dBi and —4.1 dBi, respectively, with corresponding main lobe
angles of 276 degrees, 189 degrees, and 2 degrees. Fig. 12 illustrates a
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Fig. 7. validation simulation result of the proposed antenna between the CST
circuit and the ADS circuit.

substantial disparity between Co and Cross polarization, indicating that
the orientation of antenna polarization can be modified to optimize
signal reception.

The surface current differential between AVA with and without
corrugation at frequencies of 2 GHz and 4 GHz is depicted in Fig. 13. Itis
evident from the Figure that the area of the surface current antenna with
corrugation that is highlighted in red has a higher concentration of
corrugation.

In Fig. 14, the simulation and measurement results of the AVA an-
tenna with four corrugations at frequencies ranging from 2 to 20 GHz are
compared. In particular at frequencies lower than 10 GHz, there was a
agreement between the modeling and measurement results. The
reflection coefficient value that is obtained is only slightly different from
the simulation result around the frequency range of 2 to 4 GHz; how-
ever, the measurement result at that frequency still reveals that the
reflection coefficient value is lower than —15 dB throughout the entire
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Fig. 8. Directivity performance evaluation under different corrugation
AVA cases.

frequency range. There is a tiny disparity between the simulation result
and the measurement result for frequencies that are more than 10 GHz.
This disparity can be attributed to a number of different factors inside
the system. The cable specifications that are utilized for high frequencies
might not be adequate, which would result in some loss caused by the
cable. Additionally, the connector might also be responsible for some of
the loss that results from the cable. On the other hand, this distinction is
not really relevant.

In the meanwhile, measurements of the AVA antenna utilizing
corrugation and a rectifier circuit are displayed in Fig. 15. Three
different circumstances were used for the antenna tests using a succes-
sion of rectifiers. Measurements are made in open areas, enclosed areas,
and on top of buildings. When measuring the rectenna in open space, the
maximum voltage obtained on the circular antenna with a 5-stage
rectifier circuit was 3.2 mV. When measuring the rectenna on top of
the building, the maximum voltage obtained on the antenna with a 5-
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stage rectifier circuit was 19.5 mV. And the lowest voltage was obtained
on an antenna with a 3-stage rectifier circuit, namely 7.8 mV. Rectenna
tests measured on top of a building produce more voltage than rectenna
tests measured indoors. The antenna actually captures more electro-
magnetic wave signals when it is at a height, this can be because when it
is at a height, the antenna can capture electromagnetic wave signals
with minimal obstructions. Fig. 15(c) shows the rectenna measurements
indoors with the influence of distance to the signal source from the
router. The voltage performance obtained from the rectenna with the
influence of distance is shown in Table 2 and it can be seen that the
greater the distance to the router, the smaller the voltage produced, but

the higher the rectifier stage, the greater the voltage received.

The rectifier circuit was simulated using the Multisim simulator and
has been directly measured in several different location conditions.
From the voltage results obtained as shown in Fig. 15 and Table 2, the
efficiency was calculated. In this study, the IN 5819 diode was used
because it is cheaper and easier to obtain. The 1N5819 diode is a type of
Schottky diode with low forward voltage and good peak forward cur-
rent, so that in high-power RF input conditions or certain rectifier to-
pologies it can increase the voltage at the junction. Several
implementation studies show that the use of diodes in full bridge to-
pologies or doubler circuits in practical designs such as prototype
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broadband rectifiers shows functional feasibility during testing. In the
1N5819 datasheet, the junction capacitance (Cj) has a large value.
Where this effect can be overcome by matching techniques, the use of
filters, or rectifier topologies such as Dickson or Villard type voltage-
doublers that reduce the effect of input impedance at the working fre-
quency [42-44]. The 1N5819 diode is very common, inexpensive, and
available in many types, making it easier to prototype and apply
multi-level power. The use of rectifier circuits with other topologies or
other diode types may be possible to investigate in further research.
Table 3 shows a comparison of references related to the rectenna.

04
0.2

Fig. 13. Surface current AVA at frequency: (a) 2 GHz without Corrugation. (b)
2 GHz, 4-corrugation. (¢) 4 GHz without Corrugation and. (d) 4 GHz, 4-
Corrugation.

Some references show that the antenna only works in a bandwidth that
is not too wide. In reference [22] the rectenna used is both a Vivaldi
antenna, although it has a higher antenna directivity than the antenna
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Fig. 14. Measurement and Simulation result of AVA with 4-Corrugation.

Fig. 15. Rectenna Measurement:(a) above the building, (b) Outdoor (under the building), and (c) Indoor (near router).

Indoor Measurement result.

Distance from
Router

Voltage 3-stages
Rec

Voltage 4-stages
Rec

Voltage 5-stages
Rec

8 cm
10 cm
20 cm

18.1 mV
17.1 mV
10.6 mV

47.6 mV
41.9 mV
47.4 mV

900 mV
800 mV
0.100 mV

10

we made, but it only works at 2.4 and 5.8 GHz with a bandwidth that is
not wide and has an efficiency that is not too high. A Vivaldi antenna,
which operates in a broad frequency range of 2.2-12.1 GHz, is also used
in Reference [45]. However, this antenna incorporates solar cells and
has a lower bandwidth and maximum gain than the antenna we made.
Additionally, it has a rectifier that only operates in the frequency range
of about 2.4 GHz and generates a rectifier efficiency of 49 %. In refer-
ence [46] the antenna has a high gain of 12.7 dBi, but uses 6 layers of
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Table 3
Comparison of the purposed antennas in relation to relevant literature.

Ref Freq (GHz) Dir (dBi) Antenna type Dimension (mm) Substrate type Diode type Efficiency
[8] 1.7-2.7 3 Rec Slot 55 x 55 Fr4 SMS 7630 40 %
[9] 0.9,1.8 2.36 Monopole 50 x 50 FR4 HSMS 2850 70.1 %
[22] 2.4,5.8 10.9, 10.2 CVA 150 x 210 FR4 Dickson 4 52.3 %
[26] 2.42 3.94 Microstrip 80 x 80 FR4 HSMS 2813 78.5 %
[27]1 3.36 - 5.92 - Dipole 41 x 35 FR4 HSMS 7630 42 %
[28] 2.45 8.1 Microstrip 70 x 64 Felt HSMS 7630 73 %
[45] 2.2 -12.1 5 CTSA 38 x 86 Polymer HSMS 2850 49 %
[46] 5.8 12.7 FSS 91 x 52 Duroid HSMS 7630 67.7 %
[471 2.2 7.46 Octagonal 71 x 71 RT 5880 SMS 7621 50 %
[48] 1.6-2.65 3.53 Monopole 48 x 62 Duroid HSMS 7630 42 %
[49] 0.45-0.9 3.5 Bowtie 160 x 160 FR4 HSMS 7630 77 %
[50] 1.85-6.85 6.82 Monopole 75 x 10 FR4 GVD 67.8 %
[51] 0.9,1.8,2.1 4.5 Monopole 100 x 87 RO 4003 SMS 7630 75 %
[52] 2.4 7.26 Microstrip 87 x 72 RT 5880 HSMS 2862 33%
[53] 2-18 - AVA 100.2 x 80.7 RO 4003 HSMS2860 72 %
[54] 5.8 7.6 Microstrip 49 x 34 RT 5880 SMS7621 77 %
Our Work 2.25-20 8.78 AVA 70 x 60 FR4 IN 5819 94.7 %

substrate with an FSS structure and uses a more complex port design and
volume shaped antenna. Meanwhile, the single element antenna that we
built has a bandwidth ranging from 2.25 to over 20 GHz, a more
straightforward shape, a wider bandwidth, and more efficiency.

4. Conclusion

The study developed a compact Corrugated Antipodal Vivaldi An-
tenna (AVA) operating across a wideband frequency range from 2.3 GHz
to over 20 GHz for energy harvesting applications. Parametric analysis
was conducted to evaluate the impact of the number and position of
corrugations on the antenna’s reflection coefficients and radiation pat-
terns. The results showed that AVAs with three or four corrugations
exhibited higher directivity at 2 GHz (up to 5.73 dBi) compared to AVAs
without corrugation (2.58 dBi). The corrugated structure also enhanced
the reflection coefficient performance at lower frequencies. Addition-
ally, the shape and placement of the rectangular spiral slot (RSS)
structure were optimized to generate and control notched frequency
bands. The AVA was integrated with rectifier circuits consisting of 2, 3,
and 5 stages, enabling effective voltage reception for energy harvesting.
Indoor tests using a router at various distances confirmed that the rec-
tenna’s energy harvesting performance improved with closer proximity
to the router. The agreement between simulation and measurement data
confirms that the proposed corrugated AVA is a strong candidate for
wideband energy harvesting applications.
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