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ABSTRACT This paper presents a simple and efficient approach for an antenna design and construction
based on an I-shaped slot-loaded triple wideband microstrip monopole antenna with novel radio frequency
(RF) power/energy harvesting capability. The proposed antenna takes advantage of circular ring shape
properties, loaded with an I-shaped slot with degraded ground structure (DGS) to improve the input
performances of the conventional planar circular microstrip patch antenna (C-patch). Input impedance and
magnetic field radiation pattern are calculated using the electromagnetic theory of transmission line in
traveling waves and resonant cavity TE11 field mode, respectively. The proposed antenna is configured on
thin lossy substrate material RO4003C of volume 64.800x57.000x1.524 (in mm?®), relative dielectric
permittivity & = 3.55, and numerically investigated using CST MWS. The prototype of the proposed
antenna has been fabricated and tested. The experimental results show that the fabricated antenna exhibits
an impressive 142% (2.98-11.11 GHz), 21.3% (11.54-14.42 GHz), and 19.6% (15.78-19.44 GHz) fractional
bandwidth (FBW) for the resonant frequency of 5.73, 13.55, and 18.69 GHz respectively and peak gain of
4.2 dBi at the frequency of 5.8 GHz. Experimentally, the proposed antenna can be used in multiple
applications like 2.4 GHz (2.401-2.495 GHz) Wi-Fi band/5 GHz (5.170-5.875 GHz) WLAN band/(3.1-10.6
GHz) US UWB at the view of the achieved lower band, FR3 6G operation regarding the obtained
middle/intermediate band, and the future wireless and millimeter-wave communication systems according
to the obtained upper band.

INDEX TERMS Input Impedance, Magnetic field radiation pattern, Multiband, RF power/energy

harvesting.

. INTRODUCTION

OWADAYS, there is a growing trend toward using

low-power wireless equipment [1, 2]. Wireless

technologies are rapidly becoming an integral part of
our lives due to their undisputed usefulness and advantages
of facilitating our daily habits. The proliferation and the use
of this technology in an urban area by authorities and
civilians to improve the quality of urban services, increase
the economy, maintain security and share information make
this area a smart city and a pure source of radio frequency
energy as depicted in Fig. 1A. In the context of smart city
transportation systems like motorcycle, bicycle, car, auto,
bus, train and all other wireless terminals can use RF
energy harvesting technology to recharge their own energy
source by converting the received EM power to DC voltage
using the developed module. The smart city concept
integrates information, communication technologies, and
multiple physical devices connected to the network to
optimize urban services and improve citizen lives.
However, the main problem wich such integration is the
energy consumption. This concern about the energy supply
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of connected equipment has led to several lines of research
which have resulted in the improvement of batteries and the
development of innovative continuous recharging
technologies (thermal, magnetic and electromagnetic
energy recovery) [3, 4]. The energy sources used include
wind, vibration, magnetic wave, electromagnetic waves,
and solar energy [5]. One other source susceptible to be
used is the novel radio frequency (RF) wave [6].

RF wave is an electromagnetic wave originating from the
displacement of a transmitter's own charge in a specific
frequency band (X-band, VHF, UWB, S-band, SHF, DBS
band) [1, 2, 7]. The RF energy source is clean and
compatible with Wi-Fi, WiMAX, and FM networks
because of the low power emitted [8-10]. Its recovery and
conversion are done with the help of an electronic system
called rectenna whose operating block-diagram is shown in
Fig. 1B with the mathematical expression elaborated to
evaluate the maximum harvested DC voltage as [1]
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Where Ruoad is the load resistance, Prr is the amplified RF
power of the received/emitted antenna, m the target
efficiency, and Vpc is the maximum harvested DC voltage.
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FIGURE 1. Conceptual study. A) Smart city, B) block-diagram of the RF
power harvesting system.

This system uses conventional bandwidths of RF power
recovery with minimal harvested energy of about

2 yW/cm2 [1, 2, 11]. In such a system the module allocated

to the receiver antenna is very important because it is the
tool that collects the RF wave [12, 13]. Therefore, several
antenna models have been used in this passive recovery
system, such as rectangular (R-)/circular (C-)/elliptical (E-)
microstrip patch antenna [14-16]. However, the R-/C-/E-
patch antenna suffers from mismatch, single narrow
bandwidth, and linear polarization (LP). Some researchers
have devoted their energy to improve microstrip patch
antenna performances [17, 18].

Two semi-circular monopole antenna components with a
novel groundbreaking approach by combining MIMO
technology with RF radio frequency energy harvesting are
introduced in [6]. In [19], two compact planar ring slots
printed on a Rogers Duroid 5880 with two resonant
passbands at 2.45 GHz and 5.8 GHz for the realization of a
rectenna are proposed. In [20], an RF energy harvesting
system based on a dual-band folded dipole antenna with a
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length of only 36.6% of the half-wave dipole antenna
operating at 915 MHz and 2.45 GHz is proposed. A multi-
band monopole antenna with L-shaped stubs printed on FR-
4 substrate operating at five bandwidths (GPS band, DSC
band, ISM band, Wi-Fi band, and WiMAX band) for radio
frequency energy harvesting applications is demonstrated in
[21]. In [22], a triple-band single layer rectifying E-shaped
antenna printed on FR-4 substrate material for RF energy
harvesting applications operating at the LoRaWAN band,
GSM-1800 band, and UMTS-2100 band is proposed. The
article [23] presents an ultra-lightweight and compact
multiband rectenna, fabricated on a paper substrate,
designed for RF energy harvesting in next-generation Long
Term Evolution (LTE) bands (0.79-0.96 GHz; 1.71-2.17
GHz; and 2.5-2.69 GHz). The rectenna integrates an
antenna and a rectifier optimized to operate in these bands,
with an RF-to-DC conversion efficiency ranging from 5%
to 16% for an input power of -20 dBm, and reaching 11%
to 30% at -15 dBm. The design is based on a nested annular
slot topology, enabling seamless integration between the
antenna and the rectifier. The article [24] presents a tri-band
rectenna based on a microstrip patch antenna integrated
with a rectifier circuit, designed for RF energy harvesting
systems. The rectenna is particularly suited for powering
low-power wireless sensor networks with rechargeable
battery supplies. The antenna operates at three frequency
bands: 2.4-2.5 GHz and 5-5.1 GHz (WLAN bands) as well
as 4-4.15 GHz (C band). The rectenna is modeled using
the Ansoft HFSS simulator and fabricated on a low-
cost FR-4 substrate. The rectenna's performance is
measured in an anechoic chamber and shows good
correlation with simulated results. The rectenna achieves
a DC output voltage of 298 mV in the operational bands.
The article [25] presents a dual-polarized multiband
rectenna designed for RF energy harvesting in the C-band
(4-8 GHz). The rectenna consists of a multiband microstrip
patch antenna and a voltage doubler rectifier, optimized to
efficiently convert ambient RF energy into DC power. The
antenna is designed to operate at six frequency bands (4.75
GHz, 5.42 GHz, 5.76 GHz, 6.4 GHz, 6.9 GHz, and 7.61
GHz) and offers circular polarization at three of these bands
(5.42 GHz, 6.9 GHz, and 7.61 GHz). The rectenna achieves
a maximum RF-to-DC conversion efficiency of 84% at 5.76
GHz with an input power of 15 dBm.

In this work, a compact rectenna module-based I-shaped
slot-loaded triple-band circular ring monopole patch
antenna (CRMPA) printed on a solid Rogers RO4003C
substrate to improve conventional C-patch input
performances dedicated for radio frequency power
harvesting (RFPH) application in the context of smart cities
is designed. The proposed antenna can operate in the Ultra
Wide Band US UWB for 5G operations, future Frequency
range 3 6G (FR3 6G) operations, and the part/channels of
Ku-band for future wireless applications. The comparison
between the simulation and measurement results shows
good agreement. The paper is organized as follows.
Sections 2 and 3 present the antenna design procedure and
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parametric study, respectively. Analytical approaches to
calculate the input impedance and the magnetic field
radiation pattern of the basic CR-patch antenna are
developed in sections 4 and 5, respectively. In section 6, we
show experimental results and discuss them. Section 7
gives the conclusion of the study.

Il. ANTENNA DESIGN CONSIDERATIONS

In this section, design and construction processes of the
studied antenna are developed. Different design steps are
clearly explained in the following sub-sections.

A. GEOMETRY OF THE BASIC STRUCTURE AND
WORKING MECHANISM

The proposed antenna was constructed based on the
conventional planar edge-fed circular microstrip patch
antenna (CMSPA/C-patch) of diameter D (in mm) as
depicted in Fig. 2A. The design principles were carried out
according to different design step analysis detailed as
follow. Moving a part of the metallization of the
conventional C-patch, the circular ring microstrip antenna
(CRMSA/CR-patch) is achieved with the corresponding
coordinate system, as illustrated in Fig.2B at the first step

of the design procedure.
W,=W,
- Gmund plane
(back side)
) Edge -fed C-patch
(front side)
v Substrate
Step 1
A
Basic structures of the studied antenna. A) conventional planar

FIGURE 2.
circular microstrip patch antenna (C-patch), B) planar circular ring microstrip
patch antenna (CR-patch).

The proposed radiating structure is designed using the
standard PCB etching technique on the front side of the
1.524-mm thick dielectric substrate RO4003C of volume
LexWsxh (in mm®). On the back side of the substrate is
mounted the ground plane of area LyxW, (in mm?). The
designed antenna was printed using a 0.035-mm thin copper
foil with an overall point-to-point size of DxD (in mm?) in
a square grid and fed by a 50-Q microstrip transmission
line. Numerical calculations of the CR-patch regarding
input impedance and radiation pattern are reported in
sections 4 and 5, respectively, of the present paper.
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FIGURE 3. Current density propagation on the antenna at 5.8 GHz: A)
Front view, B) Back view.

A B

Fig. 3 reports the propagation current density on the studied
CR-patch antenna both on the radiating element and the
ground structure. The red areas around the inner edges of
the ring, the edge-fed, and the opposite edge indicate a high
concentration of charges and then a high area of radiation.
The blue areas around the outer edges indicate a low
concentration of charges responsible for radiation losses.
The areas where charges are less concentrated are less
significant and have a considerable impact on the
efficiency, gain, directivity and bandwidth performance.
The radiation zones are uniformly distributed on the
radiation element and are responsible for the single band
demonstrated by the conventional C-/CR-patch.

B. TRIPLE BAND OPERATION PRINCIPLE

In this section, we describe the second step of the stepwise
design procedure for triple-band achievement. The goal is
to produce an RFPH base-station antenna operating at
multiple frequency bands using commercial software CST
Microwave Studio. The studied based CR-patch antenna
consists of a circular ring spread over an area of m(R2* —
Ri?) (in mm?) where Ri and R: denote the inner and the
outer radii of the ring, respectively, as illustrated in Fig.4
and specified in Fig. 7.

ANT 1 ANT 3

A B ¢

FIGURE 4. Different steps for the tri-band antenna evolution.

The geometry of the model of ANT. 1 is achieved by
adding an I-shaped slot of length S2 and width e (see Fig.7)
on the CR-patch, as presented in Fig. 4a below with full
ground structure at the second step of the design procedure.
The full ground plane can then be considered as a reflective
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structure. Indeed, the energy from the bottom surface of the
loaded CR-patch passing through the dielectric was
reflected back to the ground plane, which resulted in a gain
enhancement (of 9.46 dB) for the initial model. The I-
shaped slot acts as a capacitive load on the surface of the
CR-patch, and particularly helps to control the size of
achieved bandwidths. Indeed, the capacitive load aims to
reduce the reflection losses between the feed line and the
CR-patch, thus promoting good impedance matching.
Contrarily to the previous configuration using a full ground
structure at the second step of the design (model of ANT.
1), the degraded ground structure (DGS) technique is
introduced in the third step to obtain the monopole-loaded
CR-patch referenced as the model of ANT. 2 as depicted in
Fig. 4B. The DGS creates a discontinuity between the so-
formed feeding microstrip line and the CR-patch and helps
to enhance the antenna performances. Hence, the
degradation of the ground plane technique reduces the
build-up of charges at the antenna, affecting the electric
field and other characteristics such as polarization, aperture
angle, and bandwidth, and creates dual-band operations, as
indicated in the literature. The DGS associated with the
annular ring is mainly responsible for the triple-band
operation, whereas the I-shaped slot is responsible for the
mismatch and bandwidth improvement. Contrarily to step
3, the DGS area is reduced as depicted in Fig. 4C in the last
step of the procedure. Finally, the I-shaped slot, in
conjunction with the reduced DGS area, improved of the
impedance matching and desired tri-band with impressive
IBW for the RFPH operations. The polarized effects of the
proposed antenna are summarized in Fig. 5.
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FIGURE 5. Current density distribution on the optimized ANT. 3 at 5.8 GHz:
A) Front view and B) Back view.

Fig. 5 depicts the distribution of the current density both on
the radiating element and on the ground structure. The
degradation of the ground plane and the presence of the
capacitive load on the CR-patch have modified the
repartition of the charges on the antenna. It is clearly
observed that the antenna is divided into six zones of
radiation corresponding to the number of resonant modes
observed on the input response of the optimized antenna.
All the antenna design procedures are summarized in the
flow chart, as illustrated in Fig.6.
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Edge-fed micristrip circular patch antenna (MSCPA)

l

Edge-fed circular ring microstrip antenna (CRMSA)

l

Edge-fed CRMSA loaded with capacitive element of I shape

l

Edge-fed loaded CRMSA with DGS

FIGURE 6. Flow chart of the proposed design.

All the antenna parameters are displayed in Fig. 7 in front
and back views.
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FIGURE 7. The proposed optimized antenna parameters.

The detailed geometrical optimized parameters of the
proposed antenna are referred to as a model of ANT. 3 to
have the best trade-off between reflection coefficients,
bandwidths, and gain are summarized in Table 1 with Ao =
5.8 GHz.

TABLE I. Optimized antenna parameters referring to Fig. 7 nomenclature.

Antenna parameters values (mm)

Wg 1647
Ls 2364,
Ws 2.08%,
L, 0.652,
S 1197
R, 0.252,
R, 0.79.2,
Wo 0.124,
. 0.042,
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According to the antenna parameter values, the proposed
antenna can be advantageously used in 5G terminals such
as access points, laptops and tablets to convert EM energy
into electric energy to supply the equipment of the
terminals in the context of the smart or green cities.
Numerical investigation concerning the number of the
capacitive load, the DGS area, and the response of model of
ANT. 1, ANT. 2, and ANT. 3 are reported in the next
section.

. PARAMETRICS STUDY

Numerical investigations are realized on a lossless thin RO
4003C substrate of thickness h = 1.524 mm and, relative
permittivity & = 3.55 using CST Microwave Studio
Simulator and the results are reported in Fig. 8.

A. INPUT PERFORMANCES
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FIGURE 8.

Simulated input performances of the proposed antenna, A)
effects of ground plane length/area, B) effects of ground plane width/area,
and C) optimized antennas.

Fig. 8 shows numerical experiments based on the Su
parameter illustrating the effects of different optimized
antenna parameters in comparison of the conventional C-
/CR-patch performances. It appears that DGS length has
minor effects on the antenna response. Meanwhile, the
DGS width has a significant impact on the resonant mode
of the radiator. We can see the conventional C-patch
exhibits a single mismatch narrow bandwidth whereas the
designed, optimized antenna demonstrates approximately
six wide bandwidths included in the major tri-band (1.608-
10.550 GHz), (11.180-14.630 GHz) and (15.530-18.890
GHz) with improved impedance matching.

B. CURRENT DISTRIBUTION
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FIGURE 9. Surface current distribution for 90°-phase: A) at 4.0 GHz, B) at
5.8 GHz, C) at 12 GHz, D) at 18 GHz.
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Fig. 9 demonstrates surface current distribution on the
proposed optimized antenna.

Both the radiating element and the ground plane are clearly
polarized. The migration of the surface currents shows that
the polarization at each frequency is linear. This
polarization is due to the interaction between the pulse from
the RF source via the 50 microstrip transmission line and
the circular ring surface. Based on Fig. 9 analysis, it has
been observed that the lower mode of excitation is mainly
due to the current concentration on the ring and on the
DGS, and the intermediate mode is mainly due to the
current concentration on a part of the I-shaped slot, the edge
of the outer circle while the higher mode is caused by the
current concentration on the I-shaped slot, the edge of the
inner and the outer circle of the ring. The uniform
distribution of the surface current on the loaded CR-patch
significantly improves of the input and output
characteristics of the single mismatch narrow bandwidth
conventional C-patch.

IV. INPUT IMPEDANCE CALCULATION

Using the electromagnetic theory of the transmission line in
traveling wave [26] and by considering the ring as a
matched load, the expression of the input impedance of the
conventional CRMSPA can be given as [16]

_, 140 3)

i 0 2yl
" 1-T,e”

As established in [15], the input impedance of a narrow
band CRMSPA is a function of its surface area through the

load reflection coefficient T', . If we call ', (S, ) the load

reflection coefficient of the inner ring patch of surface S5
and I'; (Sl) the load reflection coefficient of the outer ring

patch of the surface S;, the reflection coefficient is
determined as [15].

[, =T,(8)-T.(S) 4)

: (5)
ZL N 4 = 2 [111 (RZ]J
E,E,TT Ty
2
ZL+4 o z{ln(RzD
g()grﬂ rmoy

with

FL(SZ) =
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: (6)
e
EyE,TT R,

The load impedance can be expressed as follows: the
radiating element can be considered purely inductive (the
concept of modeling the radiation element to determine the
value of the inductance).

Z, =jLw (7
with

(8)
L= Lext + Lim

Obtained from the flux calculation [16, 26, 27].
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FIGURE 10. Input impedance comparison between calculation and

simulation at 5.8 GHz.
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Fig. 10 demonstrates the calculated and simulated input
response based on the input impedance of the proposed CR-
patch. All the curves are identical both demonstrating
inductive and capacitive behavior at the low and high
frequencies, respectively. Input resistance of around 80-Q
and input resistance bandwidth of about 4% have been
achieved at the resonant frequency of 5.8 GHz. The slight
difference observed between calculation and simulation
curves can be explained by considering the perfect model as
being purely inductive.

V. RADIATION PATTERN CALCULATION

Some EM approaches are considered in this section to
evaluate radiation pattern of the basic structure. 3D or polar
2D radiation pattern is a crucial parameter that allows to
characterize the antenna efficiency.

A. MAGNETIC FIELD RADIATION PATTERN

The conventional coplanar waveguide fed circular ring
antenna can be treated as a circular waveguide assumed to
be polarized at its surface. The simplified idea is to consider
that the radiation at a spatially distant point M of a circular
ring antenna can be seen as the radiation at the same
spatially distant point M of the difference between two
circular antenna of respective radii R2 and Ri (R2 greater
than Ri) identically excited at the surface. We have
considered the transverse electric mode TE11. Therefore, the
magnetic potential vector will be determined from the
polarization current density at the surface.

FIGURE 11. Geometry and the antenna coordinates.

The knowledge of the potential vector will allow us to find
the magnetic field present in space [16].
(13)

R <p<R,0<a<27,0<z<h+h,

Potential magnetic vector
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The electric current density on the metal surface
(15)

J,(p.a)=¢, /\H(p,a)zzh”la =—H,é,+H .,

Considering a scalar electric potential ‘¥, ( P> a) solution
of the Helmholtz equation.
(16)
2 2
P (p’a)Jrkcl,llPLl (p,a) =0

the solution is
(17)
¥ (pa)=J (kclylp)cos(a)

Let’s put it this way and considering that the wave
propagates above the top of the antenna follows the z-axis.

(18)
H_ (p,a,z)=4,Y, (p,a)cos(a)

Let’s determine the transverse components of the magnetic
field on the metal surface.

(19)
H, = 4, ka—ﬂJl (kcllp)sin(a)e_yz

11

Y48

where k. = 3 the cut-off frequency, y,, the zeroes of

the derivative of the Bessel function and it determines the
order of the resonant frequencies, and R the radius of the
C-patch.

(20)
P

€11

H,=—4, Ji(kc”p)cos(a)e_yz

The transverse components of the current densities on the
metal surface are deduced.

21)

J,

== —kaﬂ J| (kcllp)sin(a)efﬂh”")

1

by 22
J. :_All%Jl(kcllp)cos(a)e_?’(’”ha) (22)

sa
11

We obtain this by using the relation (14), (21), and (22) and
bringing back the reference in spherical coordinates.
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27 jrff sin(@) . (23)
=——"—"——"J, (k. R)J,(kRsin(6O
7 ksin()k> (K, R} (Asin9))
‘11
with,
jot —jkr 24
PR L cos(@)e_y(}”h”) 24
4rr
Now, we determine the second component
___2njcBcos(p) : (25)
4, _—m(k RJn(kc“R)Al)
with,
4= J; (kRsin (6)~ ksin(0) R, (k,, ), (kRsin(6)))
) L e ) (26)

dxrk?
11

We know from Faraday that the magnetic field is rotational.
27)
B(F,0)=V A A(F,1)

After transformation, we see that the field only varies the
potential vector along the radial component. We can,
therefore, generalize the expression of the transverse
components of the magnetic field vector.

(28)
By = jk4,

B, = jkd, (29)

Assuming the principle of superposition, we can deduce the
radiated field at a great distance by differentiating the
magnetic fields obtained from surfaces of different radii.
Hence,

(30)
By (ring) = By(S,) By ()

B(p(rlng)zB(p(SZ)_B(p(Sl) (31)

with S,(O,R,), S,(O,R) and R, <R,
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FIGURE 12. Magnetic field radiation patterns: A) Cartesian 3D; B) polar
3D, C) polar Cartesian.

Fig. 12 shows the normalized magnetic field radiation
pattern in the scalar scale of the CR-patch obtained by
calculation regarding the resonant cavity method elaborated
in the previous section for y,, =1.841, 4=0.0281 m and

k =223.3289 rad/m. The proposed antenna radiates uni-
directionally in the direction perpendicular to the radiating
element with a half-power beamwidth (HPBW) of about
90° as expected [18]. The absence of the side lobes can be
explained by the choice of the calculation method on one
hand and the value of the external radius in relation to the
wavelength on the other hand. The cavity method considers
the antenna as a surface-polarized block and not as a
superimposed stratified layer. To this end, the calculation of
the magnetic field does not consider intrinsic properties that
could greatly influence the radiation through the antenna,
such as the thermal constant, the loss tangent, the
diffusivity, the discontinuity caused by the presence of
current density between layers of different dielectric

constants.
VI. EXPERIMENTAL RESULTS AND DISCUSSION

The optimized prototype of the proposed antenna has been
fabricated on a thin Rogers 4003C substrate of relative
permittivity & = 3.55, thickness h = 1.524 mm, and loss
tangent 0.0027 (tand = 0.0027). Its overall volume is
64.8x57x1.524 (in mm®), whereas the circular ring spread
over an area of 1338.4 mm? The photograph of the
fabricated antenna is shown in Fig. 13 and the input
performances based on input reflection coefficient are
depicted in Fig. 14.
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A. TEST SETUPS

FIGURE 13.
view; B) Back view.

The hardware prototype of the proposed antenna: A) Front

B. TEST RESULTS

The results obtained from the hardware prototype of the
proposed design are presented and compared with the
simulation results. Commercial software CST Microwave
Studio is used for numerical experiments whereas vector
network analyzer (VNA) is used to measure antenna input
characteristics.
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FIGURE 14. Measurements and simulations based on the input reflection

coefficient of the fabricated antenna.

Fig. 14 shows the measured and simulated input reflection
coefficient vs frequency of the fabricated antenna.
Experimentally, it is clearly observed that the proposed
antenna can be used satisfactorily to collect RF energy in
three different frequency ranges. The lower band (2.980-
11.110 GHz) is centered at the frequency 4.63 GHz with an
impressive 142% FBW (193% respectively for simulation)
which can be used in US UWB for UWB applications. The
middle band (11.540-14.420 GHz) with resonant frequency
13.03 GHz with 21.3% FBW (respectively for simulation)
can be used for 5G mmW operations, US Direct Broadcast
Satellite (12.2-12.7 GHz)/(11.7-12.5 GHz) and also
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deployed for future FR3 band for 6G operations. The upper
band (15.780-19.440 GHz) centered at the frequency 18.26
GHz with 19.6% FBW (respectively for simulation) which
can be considered as a section of the Ku-band and then can
also be allocated for future FR3 band for 6G operations.
The comparison of the studied antenna performances in the
three frequency bands obtained between measurements and
simulations is reported in Table 2. Lower frequency (FL),
higher frequency (Fu), resonant frequency (F:), and FBW
are considered as parameters for Table 2.

TABLE Il. COMPARATIVE PERFORMANCES OF THE PROPOSED DESIGN BY
MEASUREMENTS AND SIMULATIONS

Simulations/
Frequenc Measurements
y Fo Fu F: FBW
band (GHz) (GHz) (GHz) (%)
Lower 1.608/ 10.550/ 4.630/ 193/
band 2.980 11.110 5.730 142
Middle 11.180/ 14.630/ 13.030/  26.5/
band 11.540 14.420 13.550 21.3
Upper 15.530/ 18.890/ 18.260/  18.4/
band 15.780 19.440 18.690 19.6

0 — simulated at 5.8 GHz
====measured at 5.8 GHz

210 330

240 300
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FIGURE 15. Output performance of the proposed antenna, A) magnetic
field radiation pattern in xz-plan, simulated and measured at 5.8 GHz B)
magnetic field radiation pattern in xz-plan, simulated at 13.03 GHz and 18.26
GHz.
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FIGURE 16. Output performances of the proposed antenna, simulated gain
and measured gain.

Fig. 15 depicts the output responses of the proposed design
antenna. It can be noted that the radiation pattern of the
proposed antenna is bi-directional. It appears several main
lobes with high level in the broadside direction exhibiting
half-power beam-width (HPBW) of about 85° and
neglected side lobe level. In the Figure 16, a single
measured peak gain of 4.2 dBi at 5.8 GHz has been
obtained due to the limitation of the measurement setup.
We also observe the obtained gain maesured at 3.5 dBi for
4.5 GHz, 4 dBi for 5.3 GHz and 3.8 dBi for 5.5 GHz.
Conversely simulated real stable maximum gain achieved is
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5.016 dBi, 7.046 dBi, and 5.687 dBi at the resonant
frequencies of 5.4 GHz, 13.7 GHz, and 17.5 GHz,
respectively.

C. DISCUSSION

Calculation of the input impedance using the transmission
line method and considering the circular geometry of the
antenna gave a fairly satisfactory result, which could be
verified in simulation at 5.8 GHz using suitable simulation
software. Similarly, thanks to the superposition method, we
were able to establish the equation for the components of
the magnetic field using the resonant cavity method.
Measured results are in good accordance with simulated
results except in a few instances. The slight difference
between simulated and measured results may be due to the
fabrication loss, connector loss and tolerance in dielectric
constant, high mode excitation, the losses due to the coaxial
feed/connector, the manual positioning, the environment of
the experiment, measurement conditions, etc. By modifying
the geometry of the conventional CR-patch, and impressive
improvement of the single mismatch narrow bandwidth of
the conventional C-patch was achieved.

A comparative study between the present work and the
published triple-band antenna designs is given in Table 3.
Operating frequency band (OFB), resonant frequency (F:),
and FBW are considered as parameters for Table 3.

TABLE lll. COMPARATIVE MEASURED RESULTS OF THE PROPOSED ANTENNA AND
PUBLISHED DESIGNS.

AE JOURNAL
¢ ORG
LTE (0.79-
0.96GHz) 0.9 11.0 1.3
LTE (1.71-
[23] 2.17GHz) 2.0 20.5 2.3
LTE (2.5- 110x110
2.69GHz) 2.69 14.3 6.0
Wi-Fi
2.4GHz 2.4 10.0 4.2
[24] Wi-Fi5GHz 4.0 10.0 4.42
60x60x1.6
C-band 5.0 15.0 4.42
C-band
5.42GHz 5.42 4.6 6.6
C-band 40x40x0.8
[25] 6.9GHz 6.9 2.9 7.3
C-band
7.61GHz 7.61 3.3 7.1
GSM
900MHz 0.92 4.2 8.15
GSM 84x35x1.6
[28] 1800MHz 1.84 1.7 7.1
UMTS
2100MHz 2.1 1.0 8.15
UMTS
2100MHz 2.0 9.0 7.0
Wi-Fi 72x68x1.6

[29] 2.4GHz 25 290 55
WIMAX 3.0 300 92

US UWB
. size of design (2.98-
Fr — FBW  Gain (mm?) 11.11GHz) 4.63  142.0 4.94

Ref Frequency (GHz) (%)  (dBi) US DBS 64.8x57x1.524

Wi-Fi (2.4- This  (11.54-

251GHz)  2.445 449 272 Work 14.42GHz) 13.03 213  6.35

ISM (5.13- 15x12x1.6 FR3 6G
[8] 5.86GHz) 5.85 1248 3.6 (15.78-

E(-Band 19.44GHz) 18.26 19.6 5.26

7.7-

9.53GHz) 8.83 2072 44 We can see that our proposed antenna offers one impressive

‘SGCellular 3.5 0.05 NA
[9] S5GWi-Fi 55 01 NA  16x10x1.6

Wi-Fi 6 65 0.1 NA
SUB-6G 242 5.1 0.64

[10] WLAN 3.7 166 121
WIMAX 57 237 181 30xI7xL6
C-Band 55 <01 1.7

[14] C-Band 6.6 <01 2.5
X-Band 104 <01 3.2 20x22x1.5
LoRaWAN 0.85 08  4.56
GSM

[22] 1800MHz 185 92 2095
UMTS
2,1GHz 195 119 138
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bandwidth and two wider frequency bands than [9], [14],
[22], [23], [24], and [25]. We can see from the simulation
data that the gains achieved in work are smaller than those
proposed in [25], [28] and [29] but much larger than those
proposed in [8], [10], [14], [25], and [29] with competitive
size. The gain values observed in our antenna are suitable
for RF power conversion systems.

VIl. CONCLUSION

A compact, low profile I-shaped slot-loaded triple-band
monopole CR-patch to improve conventional C-patch input
performances for RF energy harvesting applications has
been introduced. Calculation methods to evaluate input and
output performances of the basic structure based on the C-

103.41x80.29x1patch antenna have been developed. Numerical experiments

using CST microwave studio suite show that the proposed
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antenna operates suitably in the US UWB band for UWB
applications (2.98-11.11 GHz), US DBS/FR3 band for IoT,
and Ku-band/FR3 band for 6G operations (11.54-
14.42 GHz), and (15.78-19.44 GHz). The performances of
the prospective radiator are assessed through numerical and
experimental investigation. The multi-band proposed
antenna then covers 5.8 GHz, corresponding to 5G and the
above-mentioned standards, suitable for RF power
harvesting applications in smart cities. Experimentally, the
prospective radiator demonstrates excellent impedance
matching bandwidths (IBW) performance at 4.63 GHz,
13.03 GHz, and 18.26 GHz with minimum input reflection
coefficient -21.62 dB, -31.8 dB, and -21.6 dB. The
measured FBWs are about 142%, 21.3%, and 19.6%
respectively. Numerical and experimental results regarding
input and output performances obtained make the proposed
design antenna an excellent candidate for present and future
wireless communication systems in conjunction with RF
energy harvesting applications. To achieve our objectives
consisting to design novel rectenna, the next product will
focused on the implementation of the rectifier circuit using
the proposed UWB antenna to accomplish the harvested RF
energy requirements.
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