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Abstract

This study proposes an ultra-wideband antennatidiient radio frequency (RF) energy harvesting apgpibns.
The antenna is based on a co-planar waveguide (GRWMAmission line and incorporates a rectanglddras an
antenna harvester. The proposed antenna utilizes@utionary design process to achieve impedaratehing of
the 50 CPW feeding line over the desired frequency baAdsarametric study investigates CPW elements and
rectangular slot size. The harvester antenna s ¢hanected to the primary rectifier circuit of thaltage doubler
to examine the signal characteristics. The anteomars the Industry, Science, and Medicine (ISM)RMbands of
2.45 GHz and 5 GHz, achieving a realized gain 64 B.dBi and 4.644 dBi at 2.45 GHz and 5 GHz, retbpely. It
exhibits a relatively broad frequency ranging framié GHz to 6.32 GHz, covering the ultra-widebarattional
bandwidth (FBW) of 105%.

Keywords: rectangular slot antenna, co-planar waveguide (GRWa-wideband (UWB) antenna, voltage doubler
circuit, RF energy harvesting

1. Introduction

Microstrip antennas are widely used in wireless wamication systems due to their compact size, |lmfilp, ease of
integration with printed circuit boards, and cafigbio integrate with monolithic microwave integed circuits [1-2]. In recent
years, there has been growing interest in usingasiidp antennas for radio frequency (RF) energyédsting applications,
particularly for ultra-wideband (UWB) systems. Claipar waveguide (CPW) antennas are another typkpér antenna that
can be used for RF energy harvesting applicati@RV antennas have several advantages over otrmaist including a
simple design and a low profile. CPW antennas asigtied using a metal strip that is placed on ledtigc substrate, with a
ground plane on the other side of the substrate.rétal strip and ground plane are separated lap awghich is typically 50
ohms in impedance. The CPW antenna’s planar steietod coplanar waveguide transmission line makesiksuited for
energy harvesting applications, as it can be eagidgrated into a PCB and has a wide bandwidthdfa capture a range of

RF signals.

Over the past decade, the use of the ambient emaent as a source of RF energy harvesting has meonsly evolved
for energizing low-power wireless electronic degicEhese devices are commonly found in wirelessaemetworks of the
Internet of things (loT), wearable electronic degcand implantable biomedical devices [3-6]. Asi@mt RF energy
harvesting results in an environmentally friendhdautonomous operation, this alternative solutifiars cost savings by

obviating the need for battery replacements andaied regular energy-related maintenance downtbné&][ The technology
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requires a rectifying antenna in the receiving ,pattich consists of an antenna that captures tbiedént RF energy and
performs as a transducer between propagating ddddwaves. The RF energy is then rectified, caedkto low-power DC

voltage by a rectifier, and stored for future UB®].

The antenna for RF energy harvesting must posdeissad operating frequency range and the potewoti@diate evenly
in all directions. The incoming RF signal is fromlaient electromagnetic waves, often with randonappation and arbitrary
incidence angles. In light of this, the antennaigieshould have an omnidirectional radiation patté&dumerous antenna
designs have been published as antenna harvesteR$ fenergy harvesting applications capable a¥itig in single-band,
dual-band, multiband, and UWB [10]. Designing ag#rband or multiband antenna that covers the whaled while
maintaining high performance is difficult [11]. Thesigned UWB antenna is a promising solution teecdroad frequency

ranges and maximize harvested power in wirelessraamication systems [12].

The United States Federal Communications Commig$@cC) has released an amendment (Part 15) theifisgehe
regulations governing the transmission and receptibUWB signals, allowing the signal power to sgteover a large
bandwidth range from 3.1 GHz to 10.6 GHz. Accordmthis approval, a UWB signal is defined as agpal with a fractional
bandwidth (FBW) equal to or larger than 0.20 of ¢kater frequency or a bandwidth equal to or grehten 500 MHz [13].
The equations of the FBVi5, and the center frequendy, can be obtained by:

fo=—"n" -7
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f, +f
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wherefy is the upper boundary amdis the lower boundary frequency.

This work proposes an antenna harvester basedemtaagular slot patch antenna with a CPW feedusieg a low-cost
flame retardant type 4 (FR-4) substrate. The desfghe antenna harvester aims to capture RF amimipat signals in the
Industry, Science, and Medicine (ISM) Wi-Fi band®2a!5 GHz and 5 GHz resonant frequencies for Réfggnharvesting
applications. Since ambient EM waves typically havigitrary polarization and random incident angtbs, antenna for RF
energy harvesting should have an omnidirectiondiateon pattern and a wide operational frequenaydb@s a result, it is
intended to design a harvester antenna that caratepever a broad ambient signal spectrum, refaoeds UWB, covering
frequency bands ranging from 2 GHz to 6 GHz witloamidirectional radiation pattern. The proposedjfrency bands work
under FCC regulations under the surveillance sysfeaguency bands of 1.9 GHz to 10.6 GHz [14] aitHivthe 2.17 GHz
to 10.6 GHz radar imaging operating frequency bamlich is under the Malaysian Communications andtikedia
Commission (MCMC) [15].

2. Antenna Design Configuration

The design of a receiving antenna involves theciele of an antenna substrate, antenna patch shageletermination
of the waveguide feedline. Fig. 1 illustrates thp-view antenna arrangement with the design paemmebvering the 2.45
GHz and 5 GHz Wi-Fi frequency bands based on theé/@®dline. The signal is typically fed into a 50CPW via a Sub-
Miniature version A (SMA) connection. It comprisesectangular patch and a rectangular slot in tidellmof the patch. The

antenna feedline is designed based on a CPW, argh of substrate used is FR-4.

The FR-4 substrate is chosen because it is widelifadle, simple to fabricate, and relatively inerpive compared to
other high-performance substrate materials like éRod16]. While Rogers substrates generally offer better teted

performance than FR-4, their cost, and availabiiy be limiting factors for some applications.RR energy harvesting
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applications where cost-effectiveness and massuptimh are essential, using FR-4 can provide a dmddnce between
performance and cost. Furthermore, FR-4 can proaétegjuate performance for many RF energy harveappdjcations,
particularly those operating at lower frequencies.

The cross-sectional view of the CPW, as depictdeign 2, is a uniplanar transmission line with gteund on the same
surface as the feedline with the CPW on each Jide.copper portion is shown in light blue and goldehile the white
substrate is shown in white. This configuratioriagored for this work due to its simple impedancateching and the high
circuit density on a single layer. In conjunctioithathis, its active and passive elements are &aByegrate and endure with

minimal dispersion and radiation loss [17]. All seefeatures make the CPW an appropriate solutioreétifying designs.

Wi

A

Ls

Fig. 1 Geometry of the developed UWB antenna hagves

/

Ground

Substrate

Feed line
Fig. 2 Cross-sectional view of the feed line of tleeeloped antenna harvester

The low-cost printed circuit board FR-4 substratii & dielectric constant of 4.7, a loss tangerit.0£5, and a thickness

of 1.6 mm is used for designing the proposed CPWrara. The width and length are calculated using

-L/ 2
W_2fr e+1 (3)

c

2fr\/?r (4)

where the velocity of light in free space is dedaty ¢, which equals 3 x £amns?, the resonant frequency is denotedby

L=

and the dielectric constant of the substrate ithehby ..



268 International Journal of Engineering and Technagldgnovation, vall3, no. 4, 2023 pp. 265-283

After the dimensions of the patch had been figuret] the design of the feeding line for the rectdagpatch antenna
was created. It is essential to design this feetlirggto enable signal transmission from an SMArexior to the radiating
element of a patch antenna. The currently offefdd\ 8onnectors come with various characteristic ingece values. For
this research, the antenna excited by an SMA wild a characteristic impedance was selected. Therefoeedesigned
feeding line should also have a characteristic olapee of 50 to achieve impedance matching. The following i€quation

utilized to obtain the width of the feeding line.

, - 87 . 598
el Je +1.41  0.8N

(5)

The characteristic impedance of the feeding lirgivien byZweq The thickness of the substrate is denotet, yhile Wieedis

the width of the feeding line.

After optimization, the detailed geometric struetof the proposed antenna design is listed in Thhblhere the antenna
is excited by a feeding line of 50characteristic impedance with a width of 3.662 niitme gaps between the feeding line and

the right and left sides of CPW are denoted bylgclvis equal to 0.4 mm.

Table 1 The Optimization parameters of the develap@enna harvester

Parameters Descriptions Dimension (mm)
a Width of rectangular patch 24
b Length of rectangular patch 8
c Width of CPW 16.269
d Length of CPW 10.5
e Width of side ground plane 15
f Length of the top ground plane 4
g The gap between the feedline and CPW 0.4
h Width of the inner rectangular slot 18
[ Length of the inner rectangular slot 12

Ws Width of substrate 37

Ls Length of substrate 29
Wi Width of feedline 3.662
L+ Length of feedline 11.5

3. Parametric Study

The design of the proposed antenna harvester cayvievd Wi-Fi frequency bands involves many georsatqparameters,
as depicted in Fig. 1. A parametric study was peréa to achieve a satisfactory frequency resporfighenreflection
coefficient, which is less than -10 dB while mainiag 50 impedance matching throughout the desired frequbaads.
For this work, the antenna aims to operate omrgtdorally, which can radiate in the same pattermaltdi360 degrees of
direction. Therefore, the effects of parametersghm antenna’s performance were investigated stggstame using CST
Microwave studio software in terms of line impedamcatching, return loss, and radiation pattern. Sigaificant parameter
elements were configured: the CPW element andetiamgular slot size. The development of a harvestenna with an

evolutionary design structure is illustrated in.RBg

The first step in developing the proposed antesna design the preliminary antenna structure gpécted in Fig. 3(a).
The patch antenna is designed using the valuéggfarameters shown in Table 2, where the widtlgtte and line impedance
width of the patch are calculated using Eqs. @), &nd (5), respectively. A comparative parametticly will be conducted
to analyze the effect of various modifications ba tectangular patch antenna’s performance. Theskfioations include

altering the antenna size and feedline length,stidigt CPW-element 1 and CPW-element 2, as welbding a rectangular
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slot as shown in Fig. 3(b), (c), (d), and (e), exdjvely. The analysis will focus on evaluatingitheffects on line impedance
matching and return loss. The antenna structurebeiintegrated with the voltage doubler circuithié return loss and line
impedance are less than 10 dB and approximately 5@espectively. The connection between the antemth circuit
performance will be examined in terms of S-paransefer the magnitude of return lossi|&nd transfer coefficient, b
The results of parametric studies are discuss#tkifollowing subsection.

»

(a) Preliminary antenna design

a

>

< Ll

g
(b) Patch antenna (c) CPW-element 1

(d) CPW-element 2 (e) Rectangular slot

Fig. 3 Antenna evolutionary design struc
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Table 2 The preliminary parameters values of tlepased harvester antenna
Parameterg Dimensions (mm
22.48
17.05
17.169
17.98

0.5

37

40
Wi 3.662
Ly 18.98

S|l—lQae|alo|o|o

4. Design Analysis

The analysis of the proposed antenna harvestéeavolutionary design has started with the prelani antenna design
structure. Then the effects of the rectangulartpatttenna and feedline length were analyzed. Alffiet, an analysis was
performed to determine how the CPW size of elemkatyd 2 and a rectangular slot affected the aateneflection coefficient.

Further analysis was carried out to analyze thedséer antenna's performance when connected tedtiger circuit.

4.1. Preliminary antenna design

The antenna structure shown in Fig. 3(a) indic#tesinitial design parameters that influence theerama impedance
characteristic. These parameters are denotedta<ad, g, W, and L. Fig. 4 illustrates the simulated reflection camént,
Si1 result for the preliminary parameter values listedable 2. The antenna bandwidth is typically smugad at -10 dB as it
represents the point where the signal’s power leetived or transmitted by the antenna decreas&g% of its maximum
value. This is known as the “half-power point” bet‘3 dB point,” which represents the frequencynpaihere the antenna’s
gain is reduced by 3 dB from its maximum value.observed, the:sremains above -10 dB. The antenna line charatiteris
impedance is mismatched at 50as depicted in Fig. 5.

S-parameters (Magnitude in dB)

—Sn

dB

18 (2.45,-6.1391)
18 .-7.78)

0 1

—obouabhbibbilo

o
——

3 4 5 6 7
Frequency (GHz)
Fig. 4 Simulated § for the preliminary antenna design structure

<

[

Portl el

Frequency 3.95 Ghz
Phase 0

Mode type Quasi TEM

Line Imp. 55.7972 Ohm \
Wave lmp. 235.86 Ohm

Beta 133.39 1/m

Accuracy 3.44623e-11

Maximum 29362.6 V/m

Fig. 5 Lineimpedance of preliminary antenna design stru
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Farfield Directivity Abs (Theta = 0) Farfield Directivity Abs (Theta = 90)

—— farfield (f = 2.45) [1] = farfield (f = 2.45) [1]

Frequency = 2.45 GHz
Main lobe magnitude = 1.44 dB1
Main lobe direction = -6.0 deg.

Frequency = 2.45 GHz
Main lobe magnitude = 1.78 dB1

Phi / Degree vs. dBi Phi / Degree vs. dBi Angular width (3db) = 92.6 deg.
(a) E-plane at 2.45 GHz (b) H-plane at 2.45 GHz
Farfield Directivity Abs (Theta = 0) Farfield Directivity Abs (Theta = 90)
~ farfield (f=5) [1] ~——— farfield (f=5) [1]

Frequency =5 GHz

Main lobe magnitude = 1.32 dBi

Main lobe direction = 142.0 deg.

Angular width (3db) = 124.0 deg.
Phi / Degree vs. dBi Phi / Degree vs. dBi Side lobe level =-1.8 dB

(c) E-plane at 5 GHz (d) H-plane at 5 GHz

Fig. 6 Polar plot radiation pattern of the preliariy antenna

Frequency =5 GHz
Main lobe magnitude = 5.5 dB1

farfield (f=5) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

farfield (f=2.45) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity Output Directivity
Frequency 2.45 GHz Frequency 5 GHz
Rad. effic. -0.8740 dB Rad. effic. -0.6558 dB
Tot. effic. -1.926 dB Tot. effic. -1.296 dB
Dir. 2.735 dBi Dir. 2.627 dBi
(a) 2.45 GHz (b) 5 GHz
Fig. 7 3D antenna radiation pattern
.
5 e 5 i it
4’ RAS " on 3'
4,2 42 P15 A
Atk 244 RS
36 36 {;; £iss M
oA & aneyt
3 3 s 22N
Yax o
24 24 v
18 18
L7 12 h S
06 06 #e R
i 0 %} '
|1 11 ARE Y
surface current (f=2.45) [1] surface current (f=5) [1] o
Frequenty | 2.45 GHz Frequency 5 GHz 1’
Phase 0 Phase 0 F
Maximum | 71.7421 A/m 3 A ' Maximum 71.5946 A/m ‘:. 3 B
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Fig. 8 The surface current distribution of the pnéhary antenna design

The simulation antenna polar plot radiation pat&rnesonant frequencies of 2.45 GHz and 5 GHhénB-plane (z-y
plane) and the H-plane (x-z plane) is presentdeidn 6. The antenna radiates perfectly omnidiredily in the E-plane at

both frequencies. In contrast, the antenna geresgtametrical patterns in the H-plane and exhihitts at theta values of -
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90° and 90°. Fig. 7 depicts the preliminary antegaims of 2.735 dBi and 2.627 dBi at 2.45 GHz ar@Hy, respectively.
The surface current distribution at both frequesigseshown in Fig. 8. Most of the surface curremts primarily distributed

along the feedline, as evident. On the other hamidority surface currents are dispersed througboth the CPW and patch
antenna.

4.2. Effect of the rectangular patch antenna &aatlline length

The effect of the rectangular patch antenna andlifeelength were examined by modifying the sizea,d, and k In
this second stage, the antenna performance iséddaus achieving a 50 matching impedance and comparing the reflection

coefficient, rather than evaluating the radiatiatt@grn and antenna gain. The preliminary antendatdea mismatched

condition.
S-parameters (Magnitude in dB)
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(b) Rectangular patch, a
S-parameters (Magnitude in dB)
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(c) Rectangular patch, b
Fig. 9 The effect of varying the rectangular paiclkenna and feedline length

The optimization was performed on the rectangusactpwhile maintaining the feedline width;\&nd the gap between
the feedline and the CPW, g. The length of CPWyak tuned based on the change in feedline lengtland t. To prevent

overlap between d and,lthe gap between them was maintained at the saine of 1 mm, as specified in the preliminary



International Journal of Engineering and Technoldggiovation, val13, no. 4, 2023 pp. 265-283 277

parameters. Fig. 9 and Fig. 10 depict the magniaidg; and the line impedance while varying the paramsdigra, and b,
respectively. The feedline length, patch lengtid aidth were varied by as much as 2 mm, 4 mm, amd2for every step,
respectively. The antenna exhibits an impedancmatish at the desired frequencies of 2.45 GHz gaH5for all the varying
parameters. Furthermore, the transmission line dapee is similar to that of the preliminary antenmhich is much greater

than 50 .

Portl el
Frequency 3.95 Ghz

Phase 0
Mode type Quasi TEM

Line Imp. 55.7936 Ohm

Wave lmp. 235.855 Ohm
Beta 133.392 I/m
Accuracy 1.56501e-11
Maximum 29357.5 V/m

(c) Rectangular patch, b

Portl el
Frequency 3.95 Ghz

Phase 0
Mode type Quasi TEM

Line Imp. 55.7972 Ohm

‘Wave lmp. 235.86 Ohm
Beta 13339 1/m

Accuracy 3.48285e-11
Maximum 29362.6 V/m

(b) Rectangular patch, a

Portl el

Frequency 395 Ghz
Phase 0

Mode type Quasi TEM
Line Imp. 55.7972 Ohm
Wave Imp. 235.86 Ohm
Beta 133.39 I/m
Accuracy 2.79942e-11
Maximum 29362.6 V/m

<T>

(a) Feedline length,L

Fig. 10 Line impedance of varying the rectanguksticp antenna and feedline length

Since the variation of the rectangular patch ardeamd feedline length did not satisfy the antererfopmance, the effect
of modifying the CPW for element 1 is investigatedhe following subsection. The parameter valuelsie= 11.5 mm, a =
24 mm, and b = 8 mm are selected in the next eleolaty design of the antenna.£11.5 mm and a = 24 mm are selected
as both apparent UWB compared to other parametaesaas shown in Fig. 9(a) and (b), respectivElythermore, the
parameter b = 8 mm is preferred because it redineeantenna size, as shown in Fig. 9(c). Thuslethgth of the substrate

has also been reduced as the length of the redtarmatch is reduced.

4.3. Effect of CPW size — element 1

The second stage in the parametric analysis isviestigate the effect of varying the size of theACRs shown in the
green element in Fig. 3(c). The optimization of CRWgth, ¢, was optimized by varying the gap betwtbe feedline and the
CPW, denoted by g. Fig. 11 illustrates the effecthe reflection coefficient,:5 when the gap, g, was varied from 0.3 mm to
0.7 mm in steps of 1 mm. None of the gap variatiofisence the antenna’s performance in terms wirneloss, as evident.
On the other hand, adjusting the gap, g has affébt=antenna transmission line impedance, astéedit Fig. 12. As a result,

the optimal parameter value, g is equal to 0.4 immreelected since it is relatively close to 50

S-parameters (Magnitude in dB)

0 —&— 51,1 (g=0.3)
-1 -q (2.45,-1.8931) —@— 51,1 (g=0.4)
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-6 1 7
748
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'9 T T T T T T
0 1 2 3 4 5 6 7

Frequency / GHz
Fig. 11 The effect on the reflection coefficient; S

The parametric study continued to find out how dfee of the CPW affects the antenna’s performanbe.length of
CPW, d was tuned from 8.5 mm to 10.5 mm using $aeples while utilizing the optimized CPW widthygth a set gap of
0.4. Fig. 13 shows how varying the CPW length aff¢lee reflection coefficient. Once again, it isetved that no variation

for the parameter could reachy $ -10 dB. As a result, this leads to the conclusiat an impedance mismatch occurred over
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the entire CPW size for element 1. Neverthelesgnathe gap, g, is 0.4 mm, the transmission lineetiapce can be achieved

at approximately 50 . The CPW length, d is equal to 10.5 mm and hag bekected for the following antenna evolutionary

design as it is perceived as UWB compared to qgithexmeter values.

Mode type Quasi TEM
Line Imp. 47.4401 Ohm
Wave Imp. 234.625 Ohm
Beta 133.898 1/m
Accuracy 1.44157e-11
Maximum 35059.9 V/m

Portl el
Frequency 3.95 Ghz
Phase 0 %

\

\

(@) g=0.3 mm
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Phase 0 % Phase 0
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Line Imp. 51.834 Ohm Line Imp. 55.8931 Ohm
Wave lmp. 235.222 Ohm Wave Imp. 236.482 Ohm
Beta 133.598 1/m Beta 133.273 1/m
Accuracy 1.50918e-11 Accuracy 1.39084e-11
Maximum 29492 V/m Maximum 30477.5 V/m

(c)g=0.5mm

Portl el Portl el

Frequency 3.95 Ghz Frequency 3.95 Ghz

Phase 0 Phase 0
Mode type Quasi TEM \ Mode type Quasi TEM \
Line Imp. 59.509 Ohm Line Imp. 62.7865 Ohm

Wave Imp. 236.999 Ohm Wave Imp. 237.316 Ohm

Beta 132.889 1/m Beta 132,518 1/m

Accuracy 2.72872e-11 Accuracy 1.29737e-11

Maximum 27621.3 V/m Maximum 25299.6 V/m

=

(d)g=0.6 mm

(e)g=0.7mm

Fig. 12 The effect on the line characteristic imgack
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Fig. 13 The effect of varying the length of CPW, d
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4.4. Effect of CPW size — element 2

Next, the evolutionary antenna design was furtheestigated based on the CPW size of element 2. ifitéstigation
involved varying the width and length of the sidwldop of the ground plane, denoted by e and feesvely, as illustrated
in Fig. 3(d). The investigation is focused on aghig matching impedance to attain a reflection ficieint of more than 10
dB. This goal arises from the previous evolutionstage, where the transmission line characteiisfi@dance was satisfied
at approximately 50 . Fig. 14 demonstrates that by varying the widtthefside CPW(e) from 1 mm to 3 mm in increments
of 0.5 mm, only three parameter sizes resultectimexing S: values less than -10 dB at 2.45 GHz frequencys &Hz,

however, all parameters exhibited an impedance atism

dB

Even though the variation of CPW width did not sfgtimpedance matching for both 2.45 GHz and 5 @&Elquencies,
as e was set at 2 mm, 3 mm, and 3.5 mm, good impedaatching can be achieved over the 2.45 GHz.l&2onksequently,

the length of the top ground plane, f, was varmdeach set of variations in the width of the sydeund plane (e =2 mm, 3
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0
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Fig. 14 The effect of varying the width of the sgl®und plane, e

mm, and 3.5 mm). Fig. 15 depicts the effect of irayythe length of the top ground plane.
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Fig. 15 The effect of varying the length of ttop ground plane,
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S-parameters (Magnitude in dB)
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Fig. 15 The effect of varying the length of the pund plane, f (continued)

As shown in Fig. 15(a) and (b), good impedance hiagccan only be achieved in the 2.45 GHz frequérayd when
the width, e, is set at 2 mm and 3 mm. Meanwhileenve was set at 3.5 mm, an impedance mismatcd&GHz occurred
only when the value of f was set to 4 mm. Additibnanone of the parameters achieved good matchitige 5 GHz frequency.
Table 3 presents the effects of the optimizatimtess. Comparing variations in the length of theegmund plane, f, and a

set of the width of the side CPW, e, the most Siicanit reflection coefficient is chosen when bo#rgmeters e and f are set

as 2.5 mm.

Table 3 Detailed results of varying the lengthha top ground plane, f

Reflection coefficient, § (dB)

Parameterg Frequency (GHz f=25/f=3017=35]f=40171=45
=20 2.45 -13.9| -13.3 | -12.7 | -121 | -11.7
5 -4.7 -4.6 -4.6 -4.8 -4.8

e=25 2.45 -189| -175 | -16.3 | -154 | -14.1
5 -4.6 -4.6 -4.7 -4.8 -4.9

=30 2.45 -14.4| -146 | -14.4 -5.8 -13.5
5 -4.4 -4.9 -4.6 -4.8 -4.9

4.5. Effect of a rectangular slot

The parametric investigation has been carried ntihe rectangular slot size since the matching dapee has only been
accomplished at 2.45 GHz so far. By adding thearamtlar slot on the patch antenna, as illustratdeld. 3(e), the width, h,
and length, i of the rectangular slot were var@dxamine the antenna performance on the reflectefficient for both 2.45
GHz and 5 GHz frequencies. The rectangular sletwis investigated in CST simulation software byianeously varying
h from 15 mm to 19 mm in 1 mm increments and i fib% mm to 6.5 mm in 0.5 mm steps. The frequenspaerse of the

reflection coefficient when varying the width, mcalength, i of the rectangular slot, as depicteHig. 16.

0 -

R

-101

-201

8 -301

-401

-501

-60 T

0 1 2 3 4 5 6 7
Frequency / GHz

Fig. 16 The effect of varying the inner rectangliat

Table 4 summarizes the reflection coefficient & tibtained simulations. As tabulated in Table dait be observed that
the parameter h equals 18 mm, has significant tsffat the reflection coefficient while varying trectangular slot width, i,
and that matching impedance was achieved for batt2 45 GHz and 5 GHz frequency bands. Since treanmer variation,



International Journal of Engineering and Technoldggiovation, val13, no. 4, 2023 pp. 265-283 271

i exhibited decent results when h was set at 18 almmgsing parameter i that provides the best iessiibecessary. As the
reflection coefficients of -13.4 dB and 13.3 dB amilar for both frequency bands, the optimum eatdi i is chosen to be 6

mm in this study.

Table 4 Detailed reflection coefficient resultsvafying the width, h, and the length, i, of thetaagular slot

Reflection Coefficient, § (dB)
Parameters Frequency (GHz —45/1=50/i=551i=601i=65
h=15 2.45 -10.9| -11.1 | -115| -11.9 | -121
5 -6.5 -6.3 -6.0 -5.7 -5.5
h=16 2.45 -11.5| -11.4 | -12.0 | 12.2 -12.9
5 -8.0 -7.7 -7.4 -6.8 -6.1
h=17 2.45 -11.6| -11.9 | -12.4 | -129 | -13.7
5 -11.8 | -11.1 | -10.3 | -9.3 -8.0
h=18 2.45 -12.0| -12.4 | -129 | -13.4 | -14.4
5 -146 | -144 | -140 | -13.3 | -12.0
h=19 2.45 -12.2| -12.6 | -13.2 | -13.8 | -14.9
5 -6.8 -7.5 -8.2 -9.2 -10.6

Since the antenna design at this stage has achijasimatching impedance with parameters h antatse8 mm and
6 mm, respectively, other antenna performancesiaatyzed regarding VSWR, antenna directivity, radimpattern, and
surface current. It is noted that is efficient bmth frequencies when the value of VSWR is lesn titeequal to 2, as depicted
in Fig. 17.

Voltage standing wave ratio (VSWR)
45

40
351
301[q (245, 1.5421)
251|8 (5, 1.5551)

— VSWRI1

201
151
101
5 4
O T T T T Y T
0 1 2 3 -+ 5 6 7
Frequency (GHz)

Fig. 17 Voltage standing wave ratio (VSWR) at 2G1Hz and 5 GHz

Fig. 18 demonstrates the simulation antenna pddaradiation pattern at resonant frequencies 45 ZHz and 5 GHz
in the E-plane (z-y plane) and the H-plane (x-np)aThe antenna emits radiation in an omnidireetipattern in the E-plane
at both frequencies. However, the antenna formsrsstmical patterns in the H-plane, with nulls ocagrat theta values of -
90° and 90°.

Farfield Directivity Abs (Theta = 0) Farfield Directivity Abs (Theta = 90)

——— farfield (f = 2.45) [1] ——— farfield (f = 2.45) [1]

% ' o Frequency = 2.45 GHz
120 ' g "120 Frequency = 2.45 GHz Main lobe magnitude = 0.174 dBi
150 -150 . . _ - 150 -150 Main lobe direction = -6.0 deg.
180 Ssschemsgntins =25 d8: 180 Angular width (3db) = 100.5 deg.
Phi / Degree vs. dB1 Phi/ Degree vs. dB1
(a) E-plane at 2.45 GHz (b) H-plane at 2.45 GHz

Fig. 18 Polar plot radiation pattern of adding etaegular slot to a CPW
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(c) E-plane at 5 GHz (d) H-plane at 5 GHz
Fig. 18 Polar plot radiation pattern of adding etaegular slot to a CPW (continued)

The gain at this evolutionary stage is demonstria&dg. 19. The result indicates that adding @amegular slot to a CPW
significantly increased the gain to 3.641 dBi amé44 dBi at 2.45 GHz and 5 GHz, respectively. Heiitde found that the
gain is an increment of 33% at 2.45 GHz and 77% @Hz as compared to the preliminary antenna galleseover, the
maximum radiation efficiency of 72% and 68% is aeleid at 2.45 GHz and 5 GHz, respectively. The iigion of the
surface current at the frequencies of 2.45 GHz&a@Hz when adding a rectangular slot with CPWIlissttated in Fig. 20.
At 2.45 GHz, the majority of the surface currems spread out along the feedline, the side of tAR&/Cand the top of it, as
well as the bottom part of the antenna slot, asvahin Fig. 20(a). Meanwhile, when operating atexjfrency of 5 GHz, most
surface currents are dispersed along the feedliieeentirety of the rectangular slot, and some phthe CPW at the edge

side.

farfield (f=2.45) [1] farfield (f=5) [1]

Type Farfield Type Farfield
Approximation enabled (kR >> 1) Approximation enabled (kR >> 1)
Component Abs Component Abs
Output Directivity Output Directivity
Frequency 2.45 GHz Frequency 5 GHz
Rad. effic. -1.452 dB Rad. effic. 1.665 dB
Tot. effic. -1.690 dB Tot. effic 1.873 d8
Dir. 3.641 dBi Dir. 4.644 dBi
(a) 2.45 GHz (b) 5 GHz

Fig. 19 3D antenna radiation pattern

surface current (f=2.45) [1]
Frequancy] 2.45 GHz it
Phase 0 < i
Maximum 64.2496 A/m 18

surface current (f=5) [1]
Frequency 5 GHz
Phase 0

e Maximum 91.7531 A/m AN i
(a) 2.45 GHz (b) 5 GHz

Fig. 20 The surface current distribution of theigiesd antenna

Although the antenna in this evolutionary stagedwseved good impedance matching in terms ofatfle coefficient
and satisfied the VSWR and other performance rements, further investigation was carried out tteheine how it
performed when connected to the rectifier circlihe antenna design, which consists of a CPW ant@rrgular slot, is

connected to the rectifier circuit to scrutinize signal characteristics of the harvesting systsillustrated in Fig. 21, the
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antenna design and rectifier circuit integratioa earried out using CST Microwave Studio and iraégpt with CST Design
Studio. The circuit topology is adopted based graminent rectifier voltage doubler, which revoh&®und two distinct
components: the diode and the capacitor. The coergasalue listed in Table 5 aligns with the applopmposed by Tafekirt
et al. [18] and Sathiyapriya et al. [19]. Moreov#ite prominent commercial Schottky diodes are cortpdetween the
SMS7630 and HSMS2852 series, as both are suffifoeihe Wi-Fi frequency bands.

Fig. 21 The integration of the rectifier circuitttvithe proposed antenna harvester

Table 5 Circuit components specifications

Parameters Value
47 uF
Ciand G 100 pF
Rs 50
R 10 k
HSMS2852
Diand B | g\157630

The simulated results of the S-parameter in teffmsflection coefficient, &, and transfer coefficient,&of the designed
antenna integrated with the voltage doubler ciratgtrepresented in magnitude, as shown in FigT2@ .S-parameter results
might be expressed as either a magnitude or aelddB) value. The value of the:$arameter is intended to be close to or
lower than 0.1, or when expressed in terms of 08 Malue should be lower than -10 dB. Also, thei@alould be expressed

in magnitude or dB for parameter;hevertheless, the parameter value needs to &@vedy close to 1 or 0 dB.

(a) HSMS2852 and 47 pF

(b) HSMS2852 and 100 pF

Fig. 22 The reflectioiand transfer coefficie
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(c) SMS7630 and 47 puF

(d) SMS7630 and 100 pF

Fig. 22 The reflection and transfer coefficientr(tioued)

The details of the S-parameter results are talnlat&able 6. As can be observed, the results adithat all parameters
are in good agreement, whether using SMS7630 or 5382, with both capacitance values of 47 uF afdpEO Therefore,
it can be proved that the proposed design of th& @Rtenna with a rectangular patch is sufficienhtegrate with the rectifier

circuit for further use in RF energy applications.

Table 6 S-parameter results of the integrated geltioubler rectifier circuit and antenna design

. Reflection coefficient, § | Transfer coefficient,
Schottky diodeg Parametery Frequency (GHz Magnitude 4B Magnitude 4B

C=a7uF 2.45 0.16906 -15.439 0.16906 -15.439

HSMS2852 5 0.1571 -16.076 0.1571 -16.076
C = 100 pF 2.45 0.1691 -15.437 0.1691 -15.437

5 0.15745 -16.057 0.15745 -16.087

C =47 uF 2.45 0.16474 -15.664 0.16474 -15.664

SMS7630 5 0.16679 -15.557 0.16679 -15.587

C = 100 pF 2.45 0.1648 -15.661 0.1648 -15.661

5 0.16708 -15.542 0.16708 -15.542

5. Antenna Measurement

(a) Antenna performance measurement  (b) Anechoic chamber for radiation
using the vector network analyzer pattern measurement

Fig. 23 Antenniameasurement proce
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Upon the completion of the evolutionary antenndagieand parameter optimization, the proposed CPWnemra with a
rectangular slot patch was fabricated. To demotestree validity of this design, an experiment wasised that involved a
vector network analyzer (VNA) and an anechoic chambs shown in Fig. 23. The VNA was used to eveloae of the
performance parameters, the reflection coefficiefthhe developed patch antenna. Fig. 23(a) deffietsneasurement process
for the designed rectangular patch antenna, wiheratenna was connected to the other end of tile cannected to the
VNA. In this work, the radiation pattern performanaf the developed rectangular patch antenna wasumed utilizing an
anechoic chamber model of the ATENLAB OTA-500, whi@an measure antenna performance from 600 MH38 ©BHz.

Fig. 23(b) depicts the antenna mounted on a stariédded in a turntable on the receiver side.

Fig. 24 illustrates the plot of measured S-pararsetempared with the simulated return loss of treppsed CPW
antenna with a rectangular slot patch.The resuiibits good agreement between the measured andas@dureflection
coefficients, &, for the 2.45 GHz and 5 GHz frequency bands, whigh-15.2 dB and -13.8 dB, respectively. The 10 dB
return loss bandwidths of simulation and measuré¢mrefrom 2.15 GHz to 6.34 GHz and 2.16 GHz t@ 81z, respectively.
This indicates that the simulated and measuredvaitits are 4.19 GHz and 4.16 GHz, respectively.

Fig. 24 Simulated and measured reflection coefficad the proposed harvester antenna

The performance of the proposed work and comparistnthe state-of-the-art are summarized in Tabl€he proposed
antenna harvester can operate in a wide frequemmgercompared to other works. In Quddious et 8l §ad Dardeer et al.
[21], the radiation efficiency for the 5 GHz freequoy band is higher than in Srinivasu et al. [22i¢ &his proposed work.
However, the substrate used is considerably mgreresive than FR-4. Even though the work of Daré¢at. [21] achieves
good performance in terms of radiation efficienitye antenna design does not operate in UWB frequemd the antenna
size is also larger than this proposed work. Funtioee, Dardeer et al. [21] used Rogers RT6002, whasults in a larger
antenna dimension in terms of electrical wavelengthwever, this does not contribute to gain improeat when compared
to the results of this work. Zeya and Badhai [28¢dithe largest substrate and antenna size. Nelassh this approach did

not enhance the antenna’s gain as well as bandwidth

Table 7 Circuit components specifications

Ref Substrate and Antenna dimension | Operating frequency Antenna gain Radiation
" | antenna size (mm)| (electrical wavelength) band (GHz) (dBi) efficiency
Rogers RT/duroid . .00
[20] 33 x 27 x 0.787 0.043 5-6.1 2.4 GHz:3 5.6 GHz:98%
Rogers RT6002 1.83-3.58 2.45 GHz:2.43 2.45 GHz:98.9%
[21] 47 x 46.75 x 0.76 0.079
X 40.75 % 0. 5.4-6 5.8 GHz:4.22 | 5.8 GHz:99.67%
FR-4 : :92 9
[22] 41 %30 x 1. 0.026 1.76-12.23 5 GHz:3.8 5 GHz:92 %
[23] FR-4 0.072 2.1-3.0 2.4 GHz:3 NA
50 x50 x 1.6 ) e ) ’
i - 2.45 GHz:3.653| 2.45 GHz:72%
S et e 0.045 2.1-6.3
wor : 5 GHz:4.635 5 GHz:68%
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6. Conclusions

In this research work, the proposed rectanguldarGRW UWB antenna is designed for ambient RF enbegyesting.
The parametric analysis with the evolutionary degigocess has been performed for the proposedramtarhich aims to
cover the Wi-Fi frequency bands of 2.45 GHz andHz@nd work as a harvester antenna. The antenriavashUwWB
frequency ranges of 2.16 GHz to 6.32 GHz with a@rating bandwidth of 4.16 GHz, which covers the UBBN of 105%.
The findings indicate that the proposed CPW antewittaa rectangular slot is appropriate as a haevemtenna for Wi-Fi
RF energy harvesting applications as it can captonigient RF radiation covering a wide frequencygeafhe proposed CPW
antenna with a rectangular slot is integrated titghvoltage doubler rectifier circuit, and the penfiance is examined in terms
of S-parameters. The findings from the S-parametarffy that the proposed antenna significantlytehad the doubler circuit.
Thus, it can be concluded that the proposed anteesan can act as an antenna harvester for RFgemarvesting
applications.
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