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The current research introduces a novel dual ultra-wideband rectenna that has been specifically devised for the S
and C bands. The rectenna configuration being presented demonstrates the potential to efficiently capture energy
from 1.5 GHz to 4.65 GHz, and 5.55 GHz-7.85 GHz. It is noteworthy to mention that the bandwidths (BW)
corresponding to these frequency ranges are 3.15 GHz and 2.3 GHz, correspondingly. The envisioned rectenna is
designed to cater to a selection of five distinct commercial bands. The frequencies under consideration include
1.8 GHz, UTMS 2.1 GHz, 5G 3.5 GHz, 4.5 GHz, and 5.8 GHz, which fall within the mid band range for 5G
technology. Notably, the extended S-band and C band are also included within this range, catering specifically to
5G applications. For the purpose of rectification, a solitary HSMS 2850 Schottky diode has been selected. The
maximum recorded Conversion Efficiency (CE) achieved at 1.8 GHz, 2.1 GHz, 3.5 GHz, 4.5 GHz, and 5.8 GHz
corresponds to CE values of 67 %, 65 %, 77 %, 71 %, and 71 %, respectively. These CE measurements were
obtained under varying input power levels (IPL) of —6 dBm, 4 dBm, 4 dBm, 2 dBm, and 9 dBm, respectively. The
rectenna under consideration is designed to operate across five distinct frequency bands. Notably, the CE exceeds
65 % across all of these frequency bands. Consequently, the rectenna exhibits a higher output power. As a result,
this modification makes it appropriate for supplying energy to low-power electronic equipment.

1. Introduction

The subject of RF Energy Harvesting (RFEH) has attracted consid-
erable attention because of recent breakthroughs in the realm of tech-
nology. The proliferation of sensors across various domains can be
attributed to the pervasive nature of the IoT. The current advancements
in the field of IoT and contemporary sensor technologies have demon-
strated remarkable potential. One significant drawback that persists is
the reliance on batteries as a power source. This reliance imposes several
constraints, including limitations on the range and duration of IoT
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devices, their environmental impact, and the challenges associated with
replacing the batteries. This proposition serves as a catalyst for the
conceptualization and development of an alternative methodology for
the provisioning of power to sensory devices [1]. Energy harvesting
from proximal sources and the transmission of power through wireless
means, commonly referred to as wireless power transfer (WPT), repre-
sent two feasible approaches [2,3]. Energy harvesting refers to the sys-
tematic extraction of energy from various sources, including but not
limited to wind, solar radiation, thermal gradients, water flow, and radio
frequency signals generated by wireless communication systems [4-7].
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RFEH emerges as a viable and sustainable resolution for powering
wearables, wireless sensor networks (WSNs), remote-deployed self--
sustainable sensors (S3), portable Internet of Things (IoT) devices, and
self-sufficient sensors [8]. Moreover, the widespread deployment of
autonomous sensors across diverse sectors, including but not limited to
agriculture, mining, healthcare, and urban infrastructure, has generated
considerable scholarly attention towards the field of energy harvesting
[9-12].

The primary advantage of RF harvesting lies in its capacity to
effectively transform electromagnetic energy into electrical power,
regardless of the time of day, location (whether indoors or outdoors), or
environmental conditions. Moreover, the subterranean and intramural
permeability of RF signals facilitates the acquisition of electromagnetic
(EM) energy in locations where alternative energy reservoirs, such as
solar and wind power, remain unattainable.

Considerable research efforts have been dedicated to the exploration
of this particular domain, with a primary focus on the investigation of
single band rectennas operating within the GSM [2,3], ISM [13], 5G
band [14], and 5G mid band [15] frequency ranges. Nevertheless, the
functionality of these harvesters will experience significant disruptions
in the event of a shift in the ambient frequency. Moreover, due to the
limited power availability associated with ambient radio frequency (RF)
energy scavenging, the utilisation of energy harvester systems equipped
with configurable impedance matching networks is not commonly
deemed suitable [16].

The variability of ambient radio frequency (RF) power levels is
contingent upon several factors, including the proximity to the broad-
cast cause, the characteristics of the communication medium, and the
positioning of the antenna. Consequently, these aforementioned vari-
ables can give rise to unforeseen fluctuations in RF power levels within
the surrounding environment. The crucial considerations pertaining to
ambient energy scavenging encompass the effectiveness and sensitivity
of an energy harvester (EH) [17]. If the system exhibits the capability to
work across a broad spectrum of IPL and across multiple frequency
bands, it possesses the potential to facilitate the concurrent transmission
of signals across multiple bands and tones into an Energy Harvester
(EH). This capability can be leveraged by employing the RF combining
technique, thereby enabling the activation of the rectification device at
lower input power levels that are typically present in the surrounding
environment. Consequently, improves output DC power [18,19].

Huang et al. [20] proposed a rectenna design to optimise power
utilisation, there is a growing focus on the development and imple-
mentation of multiband and wideband antennas. A microstrip line (MSL)
is utilised to provide a small dual-band square slot loop operating at 2.4
and 5.8 GHz. An impedance matching network (IMN) is introduced in
the intermediate region connecting the rectifier and the slot loop radi-
ator to achieve a concurrent conjugate match at the two resonant fre-
quencies owing to the distinct impedance characteristics exhibited at
each resonance. A prototype of the proposed miniature slot loop rec-
tenna designed for utilisation within the 2.4 and 5.8 GHz has been
fabricated and subjected to experimental evaluation in order to validate
its performance. Conversion efficiencies of 49 % and 66 % can be
achieved.

Anh et al. [21] proposed a rectenna that can work at two frequencies
ircuit under consideration operates within the frequency bands of 925
MHz and 2450 MHz, with the objective of harnessing RF power
emanating from cellular and ISM communication systems [21]. By
integrating two resonance structures, it is possible to achieve a reduction
in the dimension of the rectifier section while simultaneously preserving
an efficiency of up to 60 % across all frequency bands. Additionally, the
rectifier component’s antenna exhibits a reflection coefficient of —10 dB
within 925 MHz and 2450 MHz. Moreover, it is noteworthy to mention
that the antenna attains a comprehensive efficiency of 47 % at 925 MHz,
while exhibiting an efficiency exceeding 80 % at 2450 MHz.

To enhance the efficiency of rectenna Dinh et al. [22] introduces a
novel approach to enhance the efficiency and selectivity of triplexers

Results in Engineering 22 (2024) 102279

utilised in triple-band energy harvesting. The proposed methodology
focuses on the development of a triple band rectenna, which not only
serves as a filter but also as a matching circuit for the aforementioned
energy harvesting process. The efficacy of the triplexer in achieving
favourable selectivity has been demonstrated, the proposed configura-
tion contains of difficult-order open stubs, each having a length of
(2n+1)/4., where n is an integer greater than or equal to 1. The triplexer
proposed in this study demonstrates notable efficiencies of 92 % at 2.1
GHz. By incorporating the triplexer within the rectenna structure, it has
been observed that the overall efficiency, when exposed to an IPL of 5
dBm, reaches a value of 60 %.

Rectenna that can target three band is presented by Hamza et al. [23]
the proposed rectifier demonstrates the capability to efficiently capture
energy from the 900/1800/2450 bands, particularly when operating
within low to moderate ambient power densities. The proposed
configuration consists of a trichotomous arrangement of parallel
branches, collectively constituting a high-efficiency triple-band rectifier.
The observed radio frequency (RF) to direct current (DC) conversion
efficiencies are recorded as 33.7 %, 21.8 %, and 20 % at 0.9, 1.8, and
2.45 GHz (GHz), correspondingly. These measurements were obtained
under the condition of an ideal load of 3.8 kQ (kQ2) and an IPL of —10 dB
mW. When subjected to IPLs of less than 0 dBm, the efficiency demon-
strates a consistent performance exceeding 46.5 % across all relevant
frequency bands.

Another triple band rectenna with good bandwidth is designed by
Aboualalaa et al. [24] suggested antenna exhibits coverage over the
frequency ranges of 1.86-2.65 GHz, 2.84-3.64 GHz, and 5.34-6 GHz.
These frequency bands align with the impedance bandwidths of 35 %,
24.7 %, and 11.64 %, respectively, as determined through measurement
analysis. When exposed to an IPL of 2 dBm, the CE of 69.7 % is achieved.
The proposed rectenna exhibits a power conversion efficiency (PCE)
exceeding 50 % within the range of IPL spanning from 6.5 to 4.7 dBm.
Multiband rectenna proposed by Zhen et al. [25] demonstrates the
capability to capture radio frequency (RF) power from multiple com-
mercial bands. Specifically, the rectenna is designed to harness RF
power from the following frequency bands: GSM, LTE, WLAN, 2.65 GHz
for 5G, and 3.5 GHz for 5G, however, it provides low conversion effi-
ciency. The CE exhibits notable performance at various frequencies.
Specifically, at 1.8 GHz, the PCE achieves a commendable 23.1 %.

A seven-band omnidirectional rectenna for the purpose of RF energy
harvesting was designed by Wang et al. [26], the proposed antenna
demonstrates compatibility with a range of contemporary and advan-
tageous frequency bands, namely GSM1800 (1.8 GHz), LTE (2.1 GHz),
WLAN/Wi-Fi (2.4 and 5.8 GHz), as well as 5G bands (2.6, 3.5, and 4.9
GHz) but it provides low conversion efficiency. The present study in-
troduces a groundbreaking seven-band rectifier, comprising a configu-
ration of three parallel, meticulously optimised single shunt diode
rectifiers, with the primary objective of generating a multiband antenna.
At an IPL of —10 dBm, it is feasible to achieve CE up to 44.4 % at a
frequency of 1.84 GHz. In the context of microwave power transmission
and energy harvesting, a distinctive approach is employed wherein an
ultra-wideband (UWB) rectenna incorporates a wideband complemen-
tary matching stub, resulting in a fractional bandwidth exceeding 100 %
by Ping [27]. The proposed matching stub has the capability to exhibit
the presence of "open" and "short" circuits in relation to frequency. The
device employs an expansive frequency spectrum spanning from 0.9 to
3 GHz. At an IPL of 3 dBm, the CE grasps its maximum value of 73.4 %.

Potti [28] analysed a rectenna that is composed of a wideband
rectifying circuit and a transparent Vivaldi antenna, enabling its oper-
ation from 3.1 GHz to 8 GHz. When subjected to an IPL of 10 dBm, the
rectenna exhibits a maximum power CE of 69 %. The proposed antenna
possesses the capability to be seamlessly integrated onto glass windows
and automobile windscreens without impeding the user’s typical visual
field. An ultra-wideband (UWB) rectifier, which incorporates a high
impedance inductor and a discone-based antenna, with the aim of
enabling wireless power transfer. The discone antenna is renowned for
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its exceptional capacity to cover a wide range of frequencies, while the
rectenna’s ability to operate in an ultra-wideband manner is facilitated
by the utilisation of a high impedance inductor in the rectifier circuitry,
thereby obviating the necessity for a matching network [29]. At 2.45
GHz and with an IPL of 5 dBm, the UWB rectenna demonstrates an ef-
ficiency of 16 %. Furthermore, it exhibits a coverage from 0.65 GHz to 5
GHz.

The utilisation of the CST MW Studio 2018 software is employed in
the context of designing and simulating the envisaged dual wideband
antenna. The utilisation of the ADS 2020 software is integral to the
simulation, design, and optimisation of rectifiers. The fabrication pro-
cedure entails the utilisation of an FR-4 lossy substrate, characterised by
a dielectric width of 1.6 mm and a dielectric constant of 4.4. Meanwhile,
a conical pyramid structure is designed on a paper substrate, with an
upper layer composed of copper.

The literature survey reveals a lack of emphasis on the development
of multiband antennas with significant bandwidth and high gain, as well
as efficient rectifiers capable of operating across many frequency bands.

The proposed work exhibits a distinct level of novelty in the subse-
quent fashion.

e First and foremost, in order to surpass the power capabilities of a
single-band antenna, a decision has been made to employ a novel
compact conical antenna for the purpose of receiving RF signals. This
choice is primarily motivated by the antenna’s inherent broadband
characteristics.

The proposed rectenna demonstrates operational efficiency from 1.5
GHz to 4.65 GHz, encompassing a bandwidth of 3.15 GHz. Addi-
tionally, it exhibits functionality from 5.55 GHz to 7.85 GHz, with a
bandwidth of 2.3 GHz. This rectenna is specifically designed to cater
to five distinct commercial bands, namely GSM 1.8 GHz, UTMS 2.1
GHz, 5G 3.5 GHz, 4.5 GHz, and 5.8 GHz 5G mid band (extended S-
band and C band for 5G applications), concurrently.

The utilisation of a three-line IMN and DC merging scheme is
employed in order to augment the CE.

In the context of a fabricated rectifier, the substitution of a fixed load
with a variable resistor allows for the attainment of optimal effi-
ciency across different frequency ranges.

The rectenna under consideration exhibits a commendable conver-
sion efficiency (CE) exceeding 65 % across the entirety of the five
designated commercial frequency bands.

2. Proposed methodology
2.1. Proposed antenna

Rectennas, also known as rectifying antennas, are devices that inte-
grate antenna components with rectifying circuits to capture and
transform electromagnetic radiation into useable direct current (DC)
electricity. Below is a concise outline of the rectenna design
methodology.

e Antenna Design: The initial stage involves designing the individual
component of the antenna. The process usually includes choosing an
appropriate antenna type, such as dipole, patch, depending on the
desired operating frequency and bandwidth specifications. The an-
tenna should be engineered to effectively catch electromagnetic
waves and transform them into electrical signals.

Rectifier Design: The rectifier circuit converts the RF power to DC
power.

Rectifier with Matching Network: A matching network is commonly
employed to optimise power transfer efficiency by aligning the
impedance of the antenna with the rectifier circuit. This aids in
guaranteeing that the utmost power is sent from the antenna to the
rectifier.
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e Optimisation: The design may be refined through iterative processes
to enhance performance. Possible actions to improve efficiency and
performance include modifying the antenna design, altering the
rectifier circuit, or fine-tuning the matching network.

e Final Design: After the design has successfully met the necessary
performance criteria, a final design is chosen, and the rectenna may
be manufactured for practical purposes.

This section presents the proposal, simulation, and hardware design
and testing of a conical antenna. The conical antenna under consider-
ation exhibits operational capabilities spanning from 1.5 GHz to 4.65
GHz, and from 5.55 GHz to 7.85 GHz. These frequency bands are
accompanied by respective bandwidths of 3.15 GHz and 2.3 GHz. In the
realm of rectenna technology, the proposed system aims to cater to five
distinct commercial bands, namely GSM 1.8 GHz, UTMS 2.1 GHz, 5G
3.5 GHz, 4.5 GHz, and 5.8 GHz 5G mid band (extended S-band and C
band for 5G applications).

The simulation of the antenna entails the utilisation of diverse py-
ramidal structures, namely square, pentagonal, hexagonal, heptagonal,
round, and conical. These pyramids serve as the radiating element, as
depicted in Fig. 1. Fig. 2 portrays a visual representation of an antenna,
showcasing both its top and bottom views in a three-dimensional format.
The conical structure is affixed onto a substrate composed of FR-4 ma-
terial, which exhibits lossy characteristics. Fig. 3 depicts the truncated
conical antenna, serving as a visual aid to enhance comprehension
regarding the fabrication process of the cone. The interior surface of the
cone is constructed using a paper material, possessing a breadth of 1.6
mm and a dielectric constant of 2.31. The outer layer, on the other hand,
is composed of copper foil with a thickness measuring 0.038 mm. Fig. 4
presents a comparative analysis of the (RL) displayed by an antenna
featuring diverse configurations of radiating pyramids. The square
pyramid antenna exhibits operational capabilities from 1.6 GHz to 2.11
GHz, 4 GHz-4.6 GHz, and 7.25 GHz-7.8 GHz. It is noteworthy that the
BWs are 510 MHz, 200 MHz, and 550 MHz for the aforementioned
frequency ranges, respectively. The minimum RL achieved is 15 dB at
1.8 GHz.

The pentagonal pyramid antenna exhibits operational capabilities

<4 <4

a. Square Pyramid b. Pentagonal Pyramid

<<

c. Hexagonal Pyramid d. Heptagonal Pyramid

e. Conical Pyramid

Fig. 1. Antenna with various pyramids.
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a. Top view

Results in Engineering 22 (2024) 102279

b. Bottom view

Fig. 2. 3D view of proposed antenna.
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Fig. 3. Truncated view of conical antenna.
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Fig. 4. Return Loss (RL) with various types of pyramids.

from 1.62 GHz to 2.25 GHz, 3.35 GHz-4.8 GHz, and 6.5 GHz-7.8 GHz,
accompanied by corresponding bandwidths of 630 MHz, 1.45 GHz, and
1.3 GHz, correspondingly. The attained minimum RL is recorded at 17.4
dB within the frequency of 1.87 GHz. The hexagonal pyramid antenna
exhibits operational frequencies spanning from 1.62 GHz to 2.35 GHz,
3.1 GHz-4.82 GHz, and 6.9 GHz-8 GHz, accompanied by corresponding
bandwidths of 750 MHz, 1.72 GHz, and 1.1 GHz, correspondingly. The
minimum achieved RL is measured to be 18.3 dB at 4.35 GHz. The an-
tenna featuring a heptagonal pyramid structure exhibits operational
capabilities from 1.65 GHz to 4.8 GHz, as well as 7 GHz-8 GHz, thereby
offering a bandwidth of 3.15 GHz and 1 GHz, separately. The minimum
achieved RL is quantified at 23.4 dB for 1.9 GHz. The conical pyramid
antenna exhibits operational capabilities from 1.6 GHz to 4.8 GHz, as

well as 5.7 GHz-8.2 GHz, thereby offering respective bandwidths of 3.2
GHz and 2.5 GHz. The minimum achieved RL is measured to be 26.9 dB
(dB) at 1.95 GHz. These results are the achieved by simulation.

After successfully obtaining positive results with the conical pyramid
antenna, subsequent efforts were undertaken to optimise said antenna
by manipulating the dimensions of the cone, namely its height and
radius. Initially height of the antenna remains constant while the radius
is changed. The antenna, characterised by a conical radius of 12.5 mm,
exhibits operational capabilities across three distinct frequency ranges:
1.6 GHz-2.2 GHz, 3.5 GHz-5 GHz, and 7.3 GHz-8 GHz. It is noteworthy
that the bandwidth is 600 MHz, 700 MHz, and 1.5 GHz for each
respective frequency range. The minimum value of the RL parameter
was observed to be 19.6 dB at 4.35 GHz. The antenna, characterised by a
conical radius of 15 mm, exhibits operational capabilities from 1.6 GHz
to 4.8 GHz, 5.7 GHz-8.2 GHz, and offers corresponding bandwidths of
3.2 GHz and 2.5 GHz, separately. The minimum RL is quantified at 26.9
dB atl.95 GHz. The antenna, characterised by a conical radius
measuring 17.5 mm, exhibits operational capabilities from 3.55 GHz to
4 GHz, 6.7 GHz-7.9 GHz, and affords BWs of 450 MHz and 1.2 GHz,
correspondingly. The attained minimum RL is 32 dB, observed at 7.46
GHz. The antenna, characterised by a conical radius measuring 20 mm,
operates within 3.2 GHz-3.65 GHz, 6.5 GHz-8 GHz, and offers band-
widths of 450 MHz and 1.5 GHz, correspondingly. The minimum ach-
ieved RL is 12.8 dB at a frequency of 7.8 GHz. Optimal outcomes are
achieved when employing a cone radius measuring 15 mm. Neverthe-
less, it is noteworthy that the antenna’s response remains almost same
when subjected to height variations of both positive and negative 15
mm. The comparison of simulated RL for different cone radii is illus-
trated in Fig. 5.

N
(3]

Return Loss (dB)
N
o

—e— Internal radius of cone =12.5 mm
—>— Internal radius of cone =15 mm

—— Internal radius of cone =17.5 mm

—o— Internal radius of cone =20 mm
40 T T ¥ T v T T T ¥ T T T T ¥ T 4

0 1 2 3 4 5 6 7 8 9

Frequency (GHz)

Fig. 5. RL with various sizes of conical pyramid.
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Fig. 6. RL with various sizes of ground plane.

The optimisation of the antenna is achieved through one more
parameter that is the utilisation of the ground plane’s width (GPW) (see
Fig. 6). The antenna under consideration exhibits a GPW of 20 mm and
operates from 1.6 GHz to 2.11 GHz and 4.4 GHz-6.2 GHz. It is note-
worthy that this antenna offers a bandwidth of 510 MHz and 1.8 GHz for
the aforementioned frequency ranges, respectively. The minimum RL
achieved is quantified at 15.5 dB when operating at 5 GHz. The antenna
under consideration exhibits a ground plane width (GPW) of 22.5 mm,
enabling its functionality across three distinct frequency ranges. Spe-
cifically, it operates from 1.65 GHz to 5 GHz, 5.75 GHz-6.4 GHz, and
7.25 GHz-8.2 GHz. Each of these frequency ranges offers a corre-
sponding bandwidth of 3.35 GHz, 350 MHz, and 950 MHz, respectively.
The minimum RL achieved in this particular scenario is measured at
24.9 dB at a frequency of 1.9 GHz. The antenna under consideration
possesses a ground plane width (GPW) of 23.5 mm, enabling its func-
tionality from 1.6 GHz to 4.8 GHz, 5.7 GHz-8.2 GHz, thereby offering a
BWs of 3.2 GHz and 2.5 GHz, correspondingly. The minimum achieved
RL is measured to be 26.9 dB at 1.95 GHZ. The antenna under consid-
eration exhibits a ground plane width (GPW) of 26 mm, enabling its
operation from 1.87 GHz to 2.11 GHz, 5.6 GHz-7.4 GHz, with corre-
sponding BWs of 3.49 GHz and 1.9 GHz, respectively. The minimum
achieved RL is measured to be 19 dB at 6 GHz. The antenna under
consideration possesses a gain-bandwidth product (GPW) of 30 mm,
effectively operating from 4.25 GHz to 5.6 GHz. It is noteworthy that
this antenna exhibits a BW of 2.35 GHz. The minimum achieved level of
RL is 17.8 dB at 4.65 GHz. The antenna under consideration exhibits a
gain-bandwidth product (GPW) of 35 mm, operating from 6.42 GHz to
7.1 GHz, thereby present a bandwidth of 680 MHz. The least achieved
RL is 11 dB at 7 GHz.

Optimal outcomes are achieved through the utilisation of a conical
pyramid as a radiating structure, characterised by a radius of 15 mm and
a GPW of 23.5 mm. After achieving successful simulated results, the
fabrication phase of the antenna is started. The topological depiction of
the made-up antenna is presented in Fig. 7 (a), while the lateral
perspective is illustrated in Fig. 7 (b), and the posterior view is exhibited
in Fig. 7 (¢). The antenna that has been artificially created is subjected to
testing using a spectrum analyzer. The resulting reflection coefficient
(RL) is then compared among the simulated and measured values, as
depicted in Fig. 8. The results obtained from the simulated reinforce-
ment learning (RL) indicate that the antenna exhibits resonance from
1.6 GHz to 4.8 GHz, as well as 5.7 GHz-8.2 GHz. Moreover, the antenna
demonstrates a BWs of 3.2 GHz and 2.5 GHz for the aforementioned
frequency ranges, respectively. The obtained results indicate that the
measured resonance from 1.5 GHz to 4.65 GHz and 5.55 GHz-7.85 GHz,

Results in Engineering 22 (2024) 102279

(a) Top view of designed antenna

(b) Side view of designed antenna

(c) Back side of printed antenna

Fig. 7. (a) Top view of designed antenna. (b) Side view of designed antenna. (c)
Back side of printed antenna.
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Fig. 8. Simulated and measured returnloss comparison.

with corresponding BWs of 3.15 GHz and 2.3 GHz, respectively. A
discernible inclination towards the left has been observed in the
measured RL, which can be attributed to the inherent variability in
paper quality and thickness.

The gain is assessed for various frequencies, specifically 1.8 GHz, 2.1
GHz, 3.5 GHz, 4.5 GHz, and 5.8 GHz, with an angular orientation of & =
90° and ¢ = 90°. The plot in Fig. 9 (a), 9 (b), 9 (c), 9 (d), and 9 (e) il-
lustrates the fluctuation of gain within these frequency bands at
different angles. The maximum simulated and measured gain (SMG) at a
frequency of 1.8 GHz is found to be 2 dBi, and 2.2 dBi observed spe-
cifically in the directions of 90° and 270°. At 2.1 GHz the maximum SMG
is 2.4 dBi. and 2.5 dBi in the specific directions of 95° and 265°. At 3.5
GHz SMG is 3.3 dBi and 3.5 dBi when oriented towards 130° and 230°.
The maximum SMG at 4.5 GHz isis 5.3 dBi and 5.1 dBi when the antenna
is oriented towards 135° and 225°. The maximum SMG at 5.8 GHz is 4.7
dBiand 4.5 dBi when oriented towards 150° and 210°.

2.2. Rectifier design

The present study introduces a novel design of a dual ultra-wideband
rectenna for S and C bands. The proposed rectenna exhibits the capa-
bility to efficiently harvest energy from 1.5 GHz to 4.65 GHz, as well as
from 5.55 GHz to 7.85 GHz. The respective BWs for these frequency
ranges are measured to be 3.15 GHz and 2.3 GHz. The proposed rectenna
system is designed to cater to a selection of five prominent commercial
frequency bands, namely GSM 1.8 GHz, UTMS 2.1 GHz, 5G 3.5 GHz, 4.5
GHz, and 5.8 GHz 5G mid band (extended S-band and C band for 5G
applications). The rectenna system is comprised of an antenna and a
high frequency rectifier. The selection of a compact conical antenna is
predicated upon its inherent broadband characteristics, which render it
suitable for the utility of RF emanating from diverse frequency bands, as
expounded upon in the preceding section. For the purpose of rectifica-
tion, a solitary HSMS 2850 Schottky diode has been chosen. The rectifier
circuit depicted in Fig. 10, in the absence of an IMN, yields a signifi-
cantly diminished conversion efficiency (CE).

In order to enhance the CE, a rectifier circuit has been devised,
incorporating a three branch pi-impedance matching network (IMN).
Additionally, a DC combining method has been implemented to enable
the connection among the antenna and the rectifier. To evaluate the CE,
it is imperative to measure the powers of both the input and output.
Subsequently, the conversion efficiency can be ascertained by employ-
ing the equation provided [30].

Pout

—_— 0,
N =5z x100% €))
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where: Py = Output DC power, nc = Conversion efficiency, P;, = Input
RF power.

Multiple impedance matching networks (IMNs) have been identified
in the literature, including the Pi-Network, L-Network, and T-Network,
as referenced in Ref. [31]. The process of achieving impedance matching
between a 50 Q system and the HSMS2850 impedance is accomplished
by employing the Smith chart on ADS 2020 software. The utilisation of
the DC combining technique is implemented to amalgamate the outputs
originating from the two branches of the Integrated Multimodal
Network. The rectifier circuit illustrated in Fig. 11 showcases the
incorporation of an Integrated Magnetic Nanoparticle (IMN). After the
successful integration of these various branches, the circuit undergoes
subsequent optimisation and simulation procedures utilising a harmonic
balance (HB) method within the ADS 2020 software platform.

The measured values of the inductance elements for the Integrated
Magnetic Nanodevice (IMN) are as follows: L1 = 26.07 nH, L2 =
17.7117 nH, L3 =5.16 nH, L4 = 2.588 nH, L5 = 5.855 nH, L6 = 1.96 nH,
L7 =11.31 nH, L8 = 6.88 nH, and L9 = 14.19 nH. The given values for
the capacitors are as follows: C1 = 0.513 pF, C2 = 0.277 pF, C3 =
5.1454 pF, C4 = 0.0001 pF, C5 = 0.4 pF, C6 = 0.665 pF, C7 = 1.06 pF,
C8 = 1.599 pF, and C9 = 0.2699 pF. In addition, a by-pass capacitor of
0.005 nF has been selected. The lumped parameters are converted into
equivalent microstrip lines, and subsequently, the circuit is simulated
and optimised utilising ADS 2020. Fig. 15 illustrates the frontal
perspective of the fabricated rectifier. In contrast to a fixed value load
resistor, a variable resistor is utilised, as depicted in Fig. 15, to enable
the manipulation of the load and achieve optimal CE across different
frequencies.

3. Rectifier results and discussion

The current investigation involves an examination of the suggested
rectifier in relation to the five important commercial frequency bands,
specifically GSM 1.8 GHz, UTMS 2.1 GHz, 5G 3.5 GHz, 4.5 GHz, and 5.8
GHz 5G mid bands. The simulation encompasses a range of load re-
sistances, specifically 200 €, 500 €, 1000 Q, 1500 Q, 2200 Q, and 2600
Q. Furthermore, the simulation is conducted across a range of IPLs
spanning from —20 dBm to 10 dBm. Fig. 13 depicts the graphical rep-
resentation of the fluctuation in CE at a frequency of 1.8 GHz. The co-
efficient of efficiency (CE) was ascertained at different IPLs utilising a
200 Q load. At an IPL of —20 dBm, the CE was determined to be 8 %. At
an IPL of —15 dBm, the CE was determined to be 12 %. In a comparable
manner, when considering an IPL of —10 dBm, the CE was observed to
be 16.3 %. At an IPL of —5 dBm, the CE exhibited an increment to 20 %.
Similarly, when the IPL was adjusted to 0 dBm, the CE demonstrated a
further enhancement, reaching 21.8 %. Under identical load conditions,
the CE achieved at an IPL of 5 dBm is measured to be 23 %. Conversely,
when the IPL is increased to 10 dBm, the CE is observed to decrease to
20 %.

The CE was assessed at different IPLs while utilising a 500 Q load.
Specifically, when the IPL was measured at —20 dBm, the corresponding
CE was determined to be 14 %. Upon conducting an experiment with IPL
of —15 dBm, it was determined that the CE reached a value of 23.2 %. In
a comparable manner, when considering an IPL of —10 dBm, the CE was
observed to be 16.331.6 %. At an IPL of —5 dBm, the CE exhibited an
increase to 37.8 %. Similarly, when the IPL was adjusted to 0 dBm, the
CE demonstrated a further increment to 42 %. Under identical load
conditions, the CE achieved at an IPL of 5 dBm is determined to be 44.5
%. Conversely, when the IPL is increased to 10 dBm, the CE diminishes
to 16 %. The CE was assessed at different IPLs while utilising a 1000 Q
load. Notably, at an IPL of —20 dBm, the CE was empirically determined
to be 19.7 %. The investigational outcomes designate that at an IPL of
—15 dBm, the CE was determined to be 32.9 %. In a similar vein, when
considering an IPL of —10 dBm, the CE was observed to be 44.5 %. At an
IPL of —5 dBm, the CE exhibited an increase to 53.2 %. Subsequently, at
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an IPL of 0 dBm, the CE was observed to reach 60.7 %. Under the con-
dition of a consistent load, the CE achieved at an IPL of 5 dBm is
measured to be 60.2 %. Conversely, when the IPL is increased to 10 dBm,
the CE decreases to 32 %.

The CE was assessed across IPLs while utilising a 1500 Q load. Spe-
cifically, when the IPL was set to —20 dBm, the CE was observed to be
22.3 %. At an IPL of —15 dBm, the CE was determined to be 37.4 %. In a
similar vein, it is worth noting that at an IPL of —10 dBm, the CE was
measured to be 51 %. At an IPL of —5 dBm, the CE exhibited an increase
to 64.7 %. Similarly, when the IPL was raised to 0 dBm, the CE was
observed to reach a value of 64.5 %. Under the condition of a consistent
load, the CE achieved at an IPL of 5 dBm is measured to be 57.3 %.
Conversely, when the IPL is increased to 10 dBm, the CE is observed to
be 21 %. The CE was assessed at IPLs using a load of 2200 Q. Specifically,
when the IPL was measured at —20 dBm, the CE was determined to be
22.8 %. At an IPL of —15 dBm, the CE was determined to be 36 %. In a

comparable fashion, when considering an IPL of —10 dBm, the CE was
observed to be 60.3 %. At an IPL of —5 dBm, the CE exhibited an increase
to 66.3 %. Similarly, when the IPL was adjusted to 0 dBm, the CE was
observed to reach a value of 59.2 %. Under identical load conditions, the
CE achieved at an IPL of 5 dBm is measured to be 45.6 %. Conversely,
when the IPL is increased to 10 dBm, the CE is observed to be 2 %.
The CE) was measured at IPLs using a 2600 Q load. Specifically, at an
IPL of —20 dBm, the CE was determined to be 24.1 %. At an IPL of —15
dBm, the CE was determined to be 41.2 %. In a comparable manner,
when considering an IPL of —10 dBm, the CE was determined to be
60.363 %. At an IPL of —5 dBm, the CE exhibited a notable increase,
reaching a value of 65 %. Similarly, when the IPL was raised to 0 dBm,
the CE was observed to attain a slightly lower value of 55.4 %. Under
identical conditions, the CE achieved at an IPL of 5 dBm is measured to
be 39.1 %. Conversely, when the IPL is increased to 10 dBm, the CE
decreases significantly to 4 %. The maximum achieved CE at a frequency
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of 1.8 GHz is 67 %, as determined by an IPL of —7 dBm and a load of
1500 Q. Fig. 14 depicts the graphical representation of the fluctuation in
CE at a frequency of 2.1 GHz. The maximum CE attained when utilising a
200 Q load is 18 % at an IPL of 10 dBm. Similarly, the highest CE
attained with a 500 Q load is 36.4 % at an IPL of 10 dBm. The extreme
CE achieved when a 1000 Q load is applied is measured to be 55.3,
accompanied by an IPL of 7 dBm. The CE was assessed across multiple
IPLs while utilising a 1500 Q load. Notably, at an IPL of —10 dBm, the CE
was observed to be 7 %. At an IPL of —5 dBm, the CE exhibited a notable
increase, reaching 21 %. Similarly, when the IPL was raised to 0 dBm,
the CE experienced further enhancement, reaching a commendable 45
%. Under identical conditions, the CE achieved at an IPL of 5 dBm is 53
%, whereas at an IPL of 10 dBm, the CE is observed to be 20 %. The
supreme CE achieved when a 2200 Q load is applied is quantified as
56.4, accompanied by an IPL of 7 dBm. The extreme value of the CE
attained when a 2600 Q load is connected is 47.6, while the IPL is
measured at 4 dBm. The maximum simulated CE attained at a frequency
of 2.1 GHz is 63 %, with an IPL of 4 dBm and a load resistance of 1500 Q.

Fig. 15 depicts the fluctuation of CE at 3.5 GHz. The highest CE
attained when utilising a 200 Q load is 52 % at an IPL of 10 dBm.
Conversely, the extreme CE attained with a 500 Q amounts to 63 % at
the same IPL of 10 dBm. The maximum achieved CE with a resistance of
1000 Q is determined to be 74.8 %, while operating at an IPL of 6 dBm.
The CE was assessed at different IPLs while utilising a 1500 Q load.
Notably, at an IPL of —10 dBm, the CE was observed to be 15 %. At an
IPL of —5 dBm, the CE exhibited an increase to 35 %. Similarly, at an IPL
of 0 dBm, the CE demonstrated a further enhancement, reaching 66.8 %.
Under identical load conditions, the CE achieved at an IPL of 5 dBm is
66.2 %. Conversely, when the IPL is increased to 10 dBm, the CE is
observed to be 22 %. The maximum CE attained when operating with a
2200 Q load is 71.4 %, observed at an IPL of 2 dBm. The maximum CE
attained when operating with a 2600 Q load is recorded as 68.8 %,
corresponding to an IPL of 2 dBm. The maximum attainable efficiency
achieved at a frequency of 3.5 GHz amounts to 77.5 %, given an IPL of 4
dBm and a resistance of 1500 Q.

Fig. 16 illustrates the fluctuation of the CE characteristics at 4.5 GHz.
The CE was assessed at multiple IPLs utilising a 200 Q load. Notably, at
an IPL of —10 dBm, the CE was measured to be 13 %. At an IPL of —5
dBm, the CE exhibited an increase to 36.5 %. Subsequently, when the

IPL was raised to 0 dBm, the CE demonstrated a further enhancement,
reaching 64.6 %. Under identical load conditions, the CE achieved at IPL
of 5 dBm is 39.5 %, whereas at an IPL of 10 dBm, it is 13 %. The
maximum CE attained when operating with a 500 Q load is 44 % at an
IPL of 10 dBm. The maximum CE attained when a 1000 Q load is
employed is 32 %, corresponding to an IPL of 2 dBm. The supreme CE
attained when a 1500 Q load is applied is 19.4 % at an IPL of —3 dBm.
The maximum CE attained when a 2200 Q load is employed amounts to
18.7 %, corresponding to an IPL of 8 dBm. The maximum CE attained
when operating with a 2200 Q load is recorded as 17.2 %, corresponding
to an IPL of 8 dBm. The maximum CE achieved at a frequency of 4.5 GHz
is 70 %. This result was obtained under the conditions of an IPL of 2 dBm
and a load impedance of 200 Q.

The graphical representation in Fig. 17 illustrates the fluctuation of
CE at 5.8 GHz. The extreme CE attained when utilising a 200 Q load is
57 % at an IPL of 10 dBm. The CE was assessed across different IPLs
while utilising a 500 Q load. Notably, at an IPL of —10 dBm, the CE was
observed to be 8 %. At an IPL of —5 dBm, the CE exhibited an increment
to 28 %. Similarly, when the IPL was raised to 0 dBm, the CE experi-
enced a subsequent rise to 51 %. Under identical load conditions, the CE
achieved at an IPL of 5 dBm is measured to be 66.1 %. Conversely, when
the IPL is increased to 10 dBm, the CE decreases to 57 %. The extreme CE
attained when a 1000 Q load is employed is 62.7 %, observed at an IPL of
6 dBm. The peak CE attained when operating with a 1500 Q load is
recorded as 52.4 % when the IPL is set at 5 dBm. The peak CE attained
when a 2200 Q load is utilised is 43.1 %, corresponding to an IPL of 5
dBm. The peak CE attained when utilising a 2600 € load is 39 % with an
IPL of 3 dBm. The maximum achieved CE at a frequency of 5.8 GHz is
recorded as 71.3 percent. This result is accompanied by an IPL of 9 dBm
and a load impedance of 200 Q (Q).

The graphical representation in Fig. 18 depicts the fluctuation of the
output voltage in relation to different power levels and load resistances.
The observed maximum output voltages, corresponding to different load
resistances of 200 Q, 500 , 1000 , 1500 Q, 2200 &, and 2600 Q, are
measured to be 0.62V,1.5V,1.819V, 1.8V, and 1.8V, correspondingly.

The rectifier that has been fabricated is illustrated in Fig. 12, and it
has undergone testing utilising a Vector Network Analyzer (VNA). The
rectenna system was evaluated within an ambient environment, yielding
a maximum output voltage of 125 mV. Fig. 19 provides a graphical
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Fig. 11. Rectifier circuit with matching.

illustration of the comparison between the simulated and measured CE
for different planned frequency ranges. At a frequency of 1.8 GHz, the
highest recorded CE was 67.5 % while the IPL. was —6 dBm. The CE
values obtained at various levels of IPL are as follows: at —20 dBm, the
CE is 24 %; at —15 dBm, the CE is 40 %; at —10 dBm, the CE is 62.8 %; at
—5 dBm, the CE is 65 %; at 0 dBm, the CE is 58 %; and at 5 dBm, the CE is
43 %. At a frequency of 2.1 GHz, the highest recorded CE was 65 % when
the IPL was 4 dBm. The CE values obtained at different power levels are
as follows: at —5 dBm, the CE is 17 %; at 0 dBm, the CE is 41 %; and at 5
dBm, the CE is 56 %. At a frequency of 3.5 GHz, the highest recorded CE
was 77 % when the IPL reached 4 dBm. The CE values obtained at
different power levels are as follows: at —5 dBm, the CE is 36 %; at

0 dBm, the CE is 64 %; and at 5 dBm, the CE is 65 %. At a frequency of
4.5 GHz, the highest recorded CE is 70 % when the IPL is 2 dBm. The CE
values for different power levels are as follows: at —5 dBm, the CE is 37
%; at 0 dBm, the CE is 63 %; and at 5 dBm, the CE is 58 %. At a frequency
of 5.8 GHz, the highest recorded CE is 71 % when the IPL is 9 dBm. The
efficiency of the system, as measured by the CE, decreases as the power
level decreases. At an IPL of —5 dBm, the CE is 28 %. At 0 dBm, the CE
increases to 52 %, and at 5 dBm, the CE further increases to 65 %. The
observed highest CE across all frequencies exceeds 65 %.

Table 1 displays a comparison analysis between the rectifier that has
been presented and the rectifiers that are already designed by
researchers.
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Table 1
Comparison with previous work.

Ref. Frequency band Schottky diode Efficiency (%) @ Pin
(GHz) used
[02] 0.9-1.9 HSMS 2850 78@6.5 dBm
[13] 2.45 HSMS2860 85.7@16 dBm
[23] 0.9 HSMS2852 33.7@-10dBm
1.8 21.8@-10dBm
2.45 20@-10dBm
[27] 0.9-3 HSMS 2850 73.4@3dBm
[28] 3.1-8 SMS7630 69@-10dBm
[30] 2.06-5.0 HSMS 2852 52@0dBm
This 1.5-4.65, HSMS 77@4 dBm
Paper 5.55-7.85 2850 71 %@2 dBm

operates at 2.1 GHz, and 5G operates at many frequencies including 3.5
GHz, 4.5 GHz, and 5.8 GHz. Additionally, 5G mid band encompasses the
extended S-band and C band frequencies, which are specifically allo-
cated for 5G purposes. A small conical antenna is designed to exhibit
broadband properties. To boost the conversion efficiency (CE), a method
using a three-line IMN and DC combining is employed between the
antenna and rectifier. The rectenna under consideration is designed to
operate across five distinct frequency bands. In all of these frequency
bands, the conversion efficiency (CE) exceeds 65 %. As a result, the
rectenna demonstrates an elevated level of output power, rendering it
well-suited for the purpose of supplying energy to low-power electronic
equipment. The rectenna was subjected to testing within the surround-
ing environment, resulting in an output voltage of 125 mV. The rectenna
under consideration has the potential to be employed for the purpose of
supplying power to a range of low-power sensors. A supercapacitor can
be employed to store direct current (DC) power for further utilisation.
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