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Abstract: \

There are many uses for this metamaterial antenna such as broad band radars@%automotive
applications. With many works of wideband antenna are already availab ngwork presents a low
cost super wide band combined with circular polarization, size compactness” and high gain. Super
wideband (SWB) is obtained by appropriately etching the patch n@erting a stub into the feed
line. To increase the functional bandwidth, that covers 2.6 &{O 22.9GHz frequency range,
rectangular slots and the electromagnetic bandgap(EBG) enincluded to the ground surface in
the interim. A 73% size decrease is achieved using ] ing partial grinding in addition to step
feeding. Unlike traditional approach of empl 'n@nplex feeding, etching multiple slots across
multiple layers, additional elements for realizing cigcular polarization (CP) with large axial ratio (AR)
bandwidth, a simple straightforward approach of using left-handed metamaterial (LHM) underneath
the patch introduces circular polas h wide 3dB axial ratio (AR) bandwidth ranging from
2.78GHz to 21.85GHz. The mpatch by LHM reverses the radiation in forward direction
which greatly enhanced the/ybéS.ZSdBi which is specific to the designed antenna. The suggested
antenna has equipped with reconfigurable filters for tuning to one of three bands of interest whose
center frequencies;.res‘i‘gn;at 2.69GHz, 10.5GHz and 18.2GHz respectively across the super wide
band that firmly reduces the undesired crosstalk. The vertical slit in the step feed of the suggested
antenna e ‘ia) impedance matching across a broad operating band.

Ke% WB antenna, Left hand Metamaterial, Reconfigurable Filter, Bandwidth

1. Introduction:

These days, there is rapid growth in telecommunication due to the emerging of new technology.
Optimizing the performance of the antennae employed at each wireless connection point is crucial to

address this. A small, high-gain antenna is needed to minimize the amount of area required. Filtering
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characteristics of the antenna are necessary to stop undesired delivery, receiving and disruption.

Signal quality is improved and loss is reduced via CP antenna.

A planar antenna that operates in 25 to 33.5 GHz frequency range was presented for internet of things
(1oT) application and its axial ratio bandwidth (BW) ranges between 26 to 33.5 GHz was validated
in [1]. However, the attained BW was 1.13 to 3.83 GHz and AR BW ranges from 1.18 to 3.@&
with the maximum gain of 3dBi. In the vehicular field, a vertical polarized planar difole @nna [§
recommended in [2]. Two resonating modes were excited to achieve 3.3 GHz op andwidth
with astable radiation pattern having gain variation less than 2.5dB. A patch atteé? al ring stacked
antenna produces circular polarization across the operating bands in [3]. as been enhanced
bands with a 0.1GHz AR bandwidth. The via packed metasurface
slimming and wideband, or 5.46 to 8.46 GHz in [4]. WhenpgCOmbined with the altered feed, the

by interconnecting top radiator with base metallic surface etched with slot. The antenna has only two
@'ls employed to achieve size
metamaterial (MTM)-based patch provides compactness more filtering power thanks to the
ground slots. Nevertheless, the aforementioned rese;v% ployed multiple layers, augmenting the
antenna's design intricacy and dimensions. The~re hers achieved a CP with a stacking structure
consisting of twin radiators, involving slots a% edge shortened top radiator in [5]. However, the
0.23GHz BW was incredibly less. An ag%aeble liquid-crystalline polymer dual-band CP antenna is
suggested for the ultra-wideband )
downsizing, it makes use ofawdiator with quad L-feeders and an ordered phase feeding network.

However, the antenna's co

tecting field in the research [6]. To achieve CP with

and manufacturing costs are higher. Cross dipoles, four parasitical

radiators, a traveling-wa p and several metallic layers were utilized in the work in [7] to achieve
CP over its spectru gain of an antenna over the 3-12.4 GHz bandwidth was increased by using
a dielectric h a’insulating lens in [8]. Ground slots and a hook-like feeding probe were used

in combi |th nonuniform metamaterial cells to generate CP [9]. The low profile of this
ant m&o. A metamaterial polarizer was positioned over a rectangular waveguide's aperture
to m the antenna that has been reported in the literature [10]. The several metamaterial layers
that comprise the proposed polarizer have different unit cell sizes. This antenna has a wide impedance
band from 7.08 to 13.5 GHz with an AR bandwidth from 9.25 to 12.5 GHz. To improve the X band
fan-beam radiation, the antenna proposed was coupled with a metasurface made up of core and

impedance matching layers in [11]. The height of an antenna is raised to 0.24A0 due to the utilization



of numerous layers. A new U-shaped microscopic negative index MTM structure was created and
paired with an antenna to increase the gain and bandwidth of an aviation collision avoidance system
(ACAS) antenna that uses MTM according to the article [12]. The maximum gain, however, was only
2.09dB when using asingle antenna element with a BW of 27.2MHz. The metamaterials presented
in [13, 14] use split ring resonators to demonstrate negative refractive index, effective permittivity,
and effective permeability, respectively, at dual frequencies (3.32 and 9.24 THz) a a
bandwidth of 0 to 6GHz. A modified annular ring-shaped radiator and a modified step: t& notch
packed partial ground plane with a frequency range of 5 GHz to 17.9 GHz was pra@f by [15]. In
contrast, the generated CP over the operational BW of 4.11-5.24 GHz b @(:ross slot in the
patch was reported in the work [16]. The suggested antenna operates/ﬂl SWB, which spans
2.69GHz to 22.9GHz. This broader bandwidth improves radar .pen:ormance and allows for better
range resolution. The utilization of radar is substantially improvedA b; JWB characteristics of high
data rate, minimal power utilization, and affordable cost. The’Eaihrof the antenna is increased to
5.28dBi by LHM. Since distant communications depeﬂd‘kag,‘ely’on high-gain antennas, they offer a
more accurate means of directing radio signals. The antenna’s ground slot and LHM produce circular
polarization (LHCP & RHCP), which has theﬁne?its )of requiring no polarization correction due to
multipath effect. The suggested antenna has equipp;d with filtering features to tune to required range
of frequencies over the super wide band t‘hat reduces the undesired crosstalk. Modifications to the
Vivaldi antenna include inclined s sterstrate, sawtooth-patterned outer edges, an advanced
feeding network, crossed tape@ots, and a dielectric lens to achieve ultra-wideband performance,
with the highest documen@ andwidth of 19GHz, as shown in research [17-22]. The parasitic
patches along with ¢ feeding structures are utilized in [23-25] to realize ultrawide bandwidth
with the later havi Qlaximum bandwidth of 8.2GHz. A 3-D printed horn antenna mounted on a
cylindrical ¢ @r with ridge for impedance matching at high frequencies and demonstrated to
have 16C€2)bandwidth is reported in [26]. The application of parallel open stubs and a defected
gro?ucture (DGS) for enhanced high-frequency suppression, with a cutoff frequency around
3GHz is illustrated in [27]. A comprehensive examination of microwave transmission lines, filters,
matching networks, and the basics of antennas was conducted in [28], [29]. Fractal geometry methods
were employed to achieve antenna miniaturization as discussed in [30], [31]. A reported

miniaturization of up to 70% is noted, along with an increase in bandwidth. Characteristic Mode



Analysis (CMA) is utilized to investigate the modal behavior of circular microstrip patches for

achieving pattern diversity in [32].

More information about previous works that was taken into account in the proposed research is
provided in section 1. A brief description of the antenna physical details, and development is given
in Section 2. Section 3 looks at the LHM structure and related simulation findings. The measureme nt

Vad 4
data will be addressed in section 4, along with the reasoning behind circular polarization in relation

to a surface current density. Q\’

2. ANTENNA DESIGN AND ANALYSIS &,

2.1 Antenna Schematic:
[ ]

A size reduced antenna having broadband property has been in Fig. 1. Parameters of the
FR4 substrate used to build the recommended antenna are of length, 10mm of width, and
0.8mm of thickness. Its dielectric constant is 4.4. In Qrde@ ain wideband, a step slot with regular
horizontal as well as vertical lengths of C 1=2m %22 = 2 mm splits the resonant patch in half
at its center. At ground level directly behind ’@ LHM is added in addition to increasing CP.

The CP is realized over most of the working bandwiidth by forming a vertical slot at the partial ground

with dimensions such as S =17 mm a =1.5mm. An inset feeding has been utilized for better
matching of impedance, and a rec sfot is etched to expand the functional bandwidth. Twin
rectangle sections with differe asurements Sp1=17 mm, St2=8 mm, Swi1=1.2 mm, and Swz =

0.8 mm are present in the @ne. Based on the current distribution, the left-handed metamaterial is
placed precisely behi top radiator, which reduces surface current interaction between top and
bottom layers. T 'Qromagnetic bandgap slots on both sides of ground surface having size of Ky
= 1.5 mm, —@mm, K3z=0.75 mm, and K4= 0.7 mm, improve the bandwidth by 1GHz. To
increase @nge of impedance bandwidths to 2.7 to 19 GHz, the perpendicular aperture of size Co
= 1?’zmd Cew=1.6 mm is etched in the bottom base plane's center. The longitudinal slot at the
groundt’s center avoids undesired variations toward the inferior portion of the functional BW by
adding an extra 1.5GHz of bandwidth. The antenna includes lowpass and highpass filtration based
on microstrip lines that run that work together with the feedline to offer bandwidth modification.
Digging a metal via near the step slot of the patch allows the axial ratio to be reduced to be below
two dB along the operational bandwidth of the antenna. Nearer the inset feed, an inverted "U"-shaped



groove is cut into the patch to give radiation nil atthe broad end of the operable bandwidth. The next
step is to etch two perpendicular slots along the patch's diagonals to further improve this radiation
null. The remaining dimensions are P1=4mm, P2=2 mm. PL=13 mm, N1=7mm, N2=1mm, S.=
5mm, Lc=20.7 mm, Gx=5mm, We=15mm, ML =14 mm, Lr=2.35mm, Wr= 0.8 mm, Fy=
1.2 mm, Wrr= 05 mm, Fx= 1.5 mm, Lr1 = 2.35 mm. The design was started with an%al

dimensions, then simulated and optimized. C)
[ J
For a microstrip patch antenna, the wavelength of the signal is determined patch size. The

design equations of [29] that relate the resonant frequency to the antenna patchdimensions are
C
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Where €, is substrate dieleéi nstant, €,/ is effective dielectric constant, his the height of the

substrate and w is the widt! the substrate. The length and width obtained from the aforementioned

equation have beeded to the closest whole numbers of 40mm and 10mm respectively. This
t

results in reso r@
such as in@&ting a partial ground, feed stub, and step feed, the resonance frequency is shifted to
2.72?% ots and left-handed metamaterials (LHM) are integrated to achieve circular polarization
)

(CP)%and enhance gain. Based on transmission line theory [28],[29], aslot located in the upper metallic

& center frequency of 10.4 GHz. After making additional design modifications

layer, which is supported by a substrate with a permittivity of 4.4, facilitates the guided wavelength of

A

Ay =72 2)



Where, 4, is the guided wavelength and 4,is the free space wavelength. Initially, a horizontal slot

placed at the center of the patch has been adjusted to a width of ﬁf. Subsequently, it has been

transformed into a meandered slot to create both inductive and capacitive effects within the patch,

aiming for size reduction. The impact of this alteration on the resonance frequency is illustrated with
a circuit diagram of Fig.2 {b

As the parallel connection of the inductor and capacitor strengthens&o&esonance frequency
a

achieved by this radiating patch diminishes [29]. For the proposed a%,
[ J
bands being positioned closely together, thereby ensuring awid@ idth.

his results in two lower

1
f =WN© ©)

Where, L Cp are the equivalent inductance apd capagitance from the above circuit.

lumped element values, which sub

The physical characteristics of the differant sections in the filters influence their corresponding
ue%y affects their cutoff frequency. The values of the

derived from their length, or t

inductors and capacitors presgated Ifwthe equivalent circuits of low-pass and high-pass filters are
%ﬂerse, as indicated by the equations in Ref [27].

Z,)|
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Wh?qis the length of microstrip line used in filter, Z, is the characteristic impedance of line
section, v, is the phase velocity. The lumped component values obtained from the equations are L

4)

=7.8nH and C =1000pF. These values are fine-tuned by multiplying them by a constant that varies
between 0.4 and 0.8 to accommodate different sectional lengths ranging from 1.2mm to 2.35mm,

thereby achieving the desired bandwidth. To maximize the circular polarization characteristics of the



proposed antenna, the rectangular patch is made asymmetric by etching rectangular slit at the

diagonal corners dimensions of A, = 3mm and 4,, = 0.3mm.

As a result of the fringing effect [29], the effective length of the patch is marginally increased than
the actual length. Consequently, the substrate length extends beyond the patch and this minor
additional length is represented by (b

(Gr +3)(Vr\]/+0.264j '\O
(e —0.258)(Vl\]/+0.8j (D'O
acC &

resistive effect, resulting in a complex effective impedance for.th@nna patch. To match this
complex impedance with the 50-ohm impedance of the fee@uarter-wavelength impedance

transformer is implemented between the 50-ohm transmissign Sline and the patch. The impedance

Ab_ 0.412
h

The radiating patch features etched slots that create inductive and cap effects alongside a

transformer is strategically positioned at a distance of @.5 mm from the patch to ensure that the
complex impedance of the patch appears regl 0@0 ohm to the transmission line. The lower

microstrip line of the feed of Fig.3, which as a transmission line with a Z, = 50 ohm

impedance, is designed with dimensions of{SL2="8 mm and Sw2=0.8 mm, while the upper microstrip
line, which has a Z, = 70 ohm im e acting as a quarter wavelength impedance transformer, is

designed with dimensions of Sai =1/Awm and Swi=1.2 mm.
The overall Ief@‘ t;s microstrip line feed arrangement (Step feed), patch length and the slight

due to fringing effects determine the length of the substrate, whereas the substrate

additional Q
width,contiffies to match the patch width. The labels are included for different parts of antenna and
a Tabfe 1 that details the benefits of each modifications is included.



2.2 Phases of Antenna Evolution:

The reported antenna is transformed into different versions at various stages has been depicted in
Fig. 4, along with the corresponding reflection coefficients. The compact radiating patch fed
through a simple rectangle feeding section resonating in 10.4GHz is depicted in stage 1 f% 4.
As demonstrated in stage 2, by connecting a stub to the feeding line, double resonancg Qormed
having the respective resonating centers at 2.38GHz and 8.2 GHz. In order to i impedance
matching over the previous iteration, Stage 3 demonstrates the way feeding ki % been modified
to be composed of two rectangular portions with differing diameters. $

slot in stage 4 to get wideband performances from 2.7GHz to %W In stage 5, perpendicular

a radiator by a step

he functional bandwidth to
encompass the resonance range between 2.8 to 18GHz. Th dicular corner slot of the partial
ground results in polarization which is circular. Two.ele&ztic bandgap ring apertures of base
plane are used to further expand the bandwidth; as<stage 6 of Fig. 4 shows, this bandwidth extends

from 2.7GHz to 21GHz. Fig. 4, Stage 7, illu% w improving the matching of impedance over

an antenna's entire bandwidth can be achieved adding filters across the feed line. The reduction

rectangular slots are etched directly beneath the feed line to&;1

in size of an antenna [30-31] can be d ined by comparing the first order resonant frequency of

includes a partial ground an

a basic patch antenna at stage 1 (f3 h "the first order resonant frequency (f,) of stage 3, which
d@feed, as outlined below.

& Size reduction = f"-f_ fy x100 (6)
1

The resona Qencies f, and £, have been found to be 10.4GHz and 2.73GHz, respectively, as
shown |® 4. Based on the calculations, the reduction in size has been found to be 73%.

v

3. Characteristic Mode Analysis:
Characteristic mode analysis (CMA) makes it easier to analyze, synthesize, and optimize antennas
by offering knowledge about the physical phenomenon of an antenna of any shape. A collection of

orthogonal eigen currents and their corresponding eigenvalues are derived by solving a specialized



eigenvalue equation employing the Method of Moments (MoM) impedance vector. The entire current
on the conductor's surface can be expanded into those modes since the eigencurrents are orthogonal.

The corresponding mode's radiating behavior can be inferred from the eigenvalues. It is possible to

compute the quantities modal significance (MS,) and characteristic angle (), which are connected

to the eigenvalue (4,) by [32] (b‘

1 .
Mo a4 \O

AJ
o, =180° —arctan (4,) (7

Y

For a mode to be a resonant, its modal significance (MS,,_);hmbe equal or nearer to one,
eigenvalue (A,,)must be zero and the corresponding characteristic ang)e (a,) should be around 180°.
The antenna is designed using computer simulation (CST) MA of the designed antenna is
accomplished by changing the solver setup in CST tqol t@ al equation solver and setting up the
source type in solver parameters to CMA. The addjtienal, prerequisites for simulating CMA in CST
are as follows. The excitation port must be r% nd it is replaced by assigning electric field to
Ymin in the boundary conditions while the others directions are kept open. All the conductuing
surfaces in the antenna to be modified i erfect electric condutor (PEC) of neglible thickness with

loss free FR4 acting as a substrate. imlated CMA results are investigated as follows.

Modal Significa@(MS) refers to a metric utilized in Characteristic Mode Analysis (CMA)

within CST!& ve” Studio or similar full-wave electromagnetic solvers, assessing the capacity

of a specj de to radiate at a certain frequency. MS is a real number ranging from O to 1,

rep ing the strength or effectiveness of a particular mode in radiating electromagnetic energy.
MS = 1: The mode is in resonance, resulting in maximum radiation.
MS > 0.707: The mode is strongly excited and plays a significant role in radiation.

MS < 0.5: The mode is weakly excited and does not effectively contribute to radiation.



MS = 0: The mode is non-radiating and purely reactive

According to equation (3), for the MS to equal one, the eigenvalue (A,) must be zero, and the
corresponding characteristic angle () should be approximately 180 degrees. In the design of
antennas, modes are stimulated by making specific structural and design adjustments. During
characteristic mode analysis (CMA), CST computes the MS for each mode across a r%of

frequencies. The MS graphs are typically utilized to identify resonant modes, select féed pgipts, and

enhance bandwidth. In this proposed study, the MS graphs have been employed

operational bandwidth of the antenna being designed. The frequency range that

be discerned from the MS graph. As shown in Fig. 5, the initial stage 1an($ ivates three modes,

which cover a bandwidth ranging from 4 GHz to 7 GHz. By incorporating zigzag slots in the patch

and vertical slots in the ground plane, two additional modes are S@ resulting in an expanded
le

operating bandwidth of 14 GHz. Further etching of longitudin
slots in the partial ground extends the bandwidth from @
[ J

ctromagnetic bandgap (EBG)
10 22.9 GHz. Three resonant modes

are induced by a straightforward rectangular patch in A&Rig-*5(a) with a partial ground plane and step

range between 4GHz and 7GHz. Two further s, 4 and 5, with maximum MS between 10GHz
and 15GHz, are produced by adding a stub Eo the feed line and etching vertical and corner slits in the

partial ground, as seen in Fig. 5

feed. While mode 3 predominates between %e 7GHz, modes 1 and 2 cover the frequency

tenna's operational frequency range is expanded from
3GHz to 15GHz as a result

ese changes, which cause initial modes 1 and 2 to achieve their
maximum from 3GHz itse
two EBG slots and alo
created by the incur@of rectangle slots at the diagonal sides of the patch and filtering structure.

These modes up to 25GHz from 10GHz. The antenna can be referred to as a super wide band

e 6, which operates up to 19GHz, is introduced by the etching of

al slot in the ground plane. As shown in Fig. 5(c), modes 7 and 8 were

antenna b the combination of all eight modes increases the operational frequency range. The
cha iStiC’ angle and eigenvalue of the mode must be closer to 180 degrees and zero, respectively,
for mresonant. According to Fig. 6 examination of the characteristic angle and eigenvalue, the
lower order modes (modes 1 and 2) are more prevalent at lower frequency ranges, while the higher

order modes (modes 6, 7, and 8) are more prevalent from mid to higher frequencies.

10



Since the resonated triple modes are common between 3GHz and 7GHz, the electric field is simulated
at 6.5GHz for stage 1 of the antenna construction. As seen in Fig 7(a), the Mode 1 field strength is
highest at the patch's edges and oscillates back and forth along those edges on a regular basis. In
contrast, as Fig 7 (b) illustrates, the field strength for Mode 2 peaks over the feedline, and its direction
varies regularly along the feedline. Mode 3's current distribution is nearly identical to Mode 1's,
however the direction of the current oscillation is slightly different. Right hand circular polarization

(RHCP) is the result of the fields in this mode revolving counterclockwise with respect to time.

As shown in Fig.8, the electric field distribution is retrieved at 12GHz from the antenna's stage
2's five resonant modes, which span the frequency range of 5GHz to 15GHz. In mode 1, the
electric field is evenly dispersed throughout the slits, patch edge, and feed line. The field only
appears in the Mode 2 feed, oscillates frequently over the feed length, and is at its strongest
when compared to previously. With the exception of the direction of vibration, the mode 3
field distribution combines the characteristics of modes 1 and 2, as mode 3 fields are more
bidirectional along the feed edge. The etching of longitudinal slots in the ground and zig zag
slits in the patch introduces mode 4 and 5. Thus electric field is concentrated across the patch
and longitudinal slot of ground for Mode 4 and Mode 5 of above Fig.8. The difference among
them is the field intensity, as field of mode 4 is more ground oriented while mode 5 fields are

reaching their peak at the patch slits.

The inclusion of LHM behind the patch and their interaction through metallic via provides Mode 6
and thus fields are tended to be maximum at the LHM as depicted by Fig. 9 (a). The fields are
rotating clockwise at every time instant and thus renders LHCP at higher order modes. The EBG
structure etched at the ground introduces Mode 7 and hence field distribution is more across the
EBG as illustrated by Fig. 9 (b). The field intensity varies periodically from left to right EBG and
they are directed in and out of the EBG. The addition of filtering structures around the feed line not
only improves the impedance matching but also gives rise to mode 8 whose fields are maximized

in the filters as shown in Fig. 9 (c). These fields are interacting with the feed line periodically.

4. Equivalent Circuit of Antenna

11



Fig. 10 (a) shows the equivalent circuit [32] along with radiation resistance of the suggested antenna.
The equivalent circuit was designed using the Advanced Design System (ADS) software, and the
values of its passive components were optimized to improve the approximation of the simulation
results. Fig. 10 (a) displays the comparable equivalent network of the proposed LHM. LHM
characteristics are produced by the middle inductor when the capacitor and inductor are arranged in
parallel. The patch with meandered slot is indicated with parallel combination of RLC and metallic
via by inductance. The bottom partial ground plane has EBG and longitudinal slots which are
indicated by LC and RLC combinations of specific values respectively. There is high bandwidth
agreement between the CST antenna configuration and its ADS equivalent circuit counterpart,

according to a comparison of their reflection coefficients as shown by Fig. 10 (b).

Having desigri€d,"the antenna using the full wave electromagnetic simulator CST, the reflection
coefﬁcienCS} is extracted over the frequency of interest. Based on the antenna design, a circuit
usin?ayive components such as resistors, inductors, and capacitors (RLC) is created in the ADS
circuit”’simulator. The values of the RLC components are adjusted continuously to match the S11 of
the electrical circuit with that of the CST model. This method converts the antenna's electromagnetic
behaviour into an electrical representation. This is particularly advantageous for analysis, simulation,
or integrating antennas with other circuit elements (for example, in RF front ends or sensors). The

equivalent circuit of the proposed antenna is elaborated in the Table.2

12



To create the equivalent circuit of an antenna in ADS, it is necessary to acquire input impedance (S;,)
data for the antenna, which can be sourced through CST simulation. Based on the impedance
characteristics, a suitable circuit configuration with several RLC branches has been selected for this

ﬁb?ed

broadband design. In the schematic window of ADS, lumped components (R, L, C) ar@
[ J
circuit

from the component library and organized according to the chosen configuration, linki
to a 50-Q port (Term) to imitate the feed. An S Param controller is added to deﬁ@é frequency
range for the simulation, and variables are designated for each component ate tuning. By
executing the simulation, the resulting S-parameters or input impedanc %contrasted with the
reference data from the antenna. The ADS optimization tool is eryplo y configuring Opt_Param
for the circuit components and establishing Opt_Goal functio as attaining a specific S,
magnitude or matching impedance throughout the desired @{
g

tuning and optimization, the equivalent circuit accurat

h). Through acycle of iterative

esents the S,, characteristics of the

antenna.

5. Left Handed Metamaterial (LHM): E
The properties of an electromam eldment are its electric permittivity (e) and magnetic
H)

permeability (). Right-handedSR terials have both ¢>0 and x>0, indicating a positive ($>0)
phase constant for wave pr: n. Positive or Right-handed Metamaterial(RHM) is a is the term
used to describe this kir& terial and it readily available in nature. The negative, LHM, has x>0
and <0 and it has produced. The manmade materials called LHMs are made to have specific
properties whi @\‘t ound in naturally available things. Because of the unique properties of these
materials, j i@ssible to create powerful electromagnetic filters, antennas, which are not achievable
wit digél methods. When an electromagnetic wave strikes a material with a negative refractive
index{(LHM), it bends in the opposite direction because the angle of refraction is larger than the angle
of incidence. If an antenna’'s radiating patch is backed by LHM, this phenomenon reverses the waves,
increasing the gain and front-to-back ratio in a forward direction. Periodic current circulation is
established in the LHM by drilling and positioning a metallic via between the slotted patch and the
LHM, which causes current to flow from the patch to the LHM. This periodicity causes the current

13



direction to change clockwise at each specified time instant, giving the intended antenna circular

polarization.

>
o
O
Fig. 11 shows the design layout of left handed metamaterial. Metamaterial is madﬁjp of FR4
dielectric material as substrate of thickness 0.8mm. The middle inductor in a parallel arrangement of
capacitor and inductor generates LHM characteristics. At 3.2GHz, the modelled left-handed
metamaterial produces permittivity in the negative; as a result, the corresponding response agrees
with the left-hand material characteristics. The parametric curve in Fig 12 illustrates the
LHM features of this unit cell, which include negative permittivity and negative permeability in
addition to a negative refractive index(RI). The simulation and design processes were conducted
using the CST microwave studio tool. Analyzing and justifying the LH function of the suggested
design is possible by utilizing the S-parameters to calculate the permittivity (&), permeability (), and
refractive index (n). The physical dimensions are H=13mm, W=11mm, Gvy=0.4mm, Gx=1.1mm,
U=4mm, Q=5mm, and R=8mm. Loading antennae with LHM structure allows radiation to be
manipulated inside the antenna system. Antenna downsizing is achieved along with geometries' low
resonance. Additionally, modifying electromagnetic waves makes it possible to achieve CP enhances
gain and bandwidth. Behind the radiating patch, which is a component of the ground plane, is where
the LHM s located. With more discontinuities provided by this ground plane adjustment, the antenna
design radiates greater power and absorbs less energy, yielding a maximum gain of 5.28dBi..
W 7

W Fig. 13, it is crucial to analyze the surface current distribution at different time

achieved when the fundamental mode is divided into two separate degenerate modes due to the step
slot located in the center of the patch. The phase differences between these degenerate modes, created
by the corner rectangular slot in the ground, influence the current's direction, causing it to shift left
or right at phases of 90° and 180°. The introduction of the left-handed material (LHM) produces the

14



necessary current disruptions that enable the current to move upward and downward at 0° and 270°,
which is essential for right-hand circular polarization (RHCP). The inset feed's depth impacts the
phase difference between the current vectors; an increased depth results in a larger phase difference.

Consequently, the inset feed is designed to accurately produce RHCP.

6. Discussion of results: Vad (b

\

Fig. 14 shows the axial ratio graph illustrating the CP behavior of reported design. The designed
antenna exhibits good circular polarization capabilities and has an simulated AR value of under 3dB
between 2.78GHz to 21.85GHz. 3.27GHz to 21.8GHz is the measured 3 dB AR bandwidth. The
fabrication deviation causes the measured AR to degrade to 2-3 dB. The impedance bandwidth is
slightly ahead of the AR bandwidth. The AR graph clearly exhibits the presence of CP on the
proposed antenna.

Y

The microstrip reconfigurable filter integrated with Ming line consists of a low pass filter (LPF)
and a high pass fitter (HPF) that dynamicall j the antenna to the preferred frequency band.
Based on their frequency response features, these”LPF and HPF allow the passage of low and high
frequencies when combined with the aﬁ%a. By cascading the LPF and HPF, a band pass filter
(BPF) is created, which enables the miSsion of mid frequencies within the antenna’'s spectrum.
Consequently, this reconfigur filter provides access to various bands or services within the
antenna’'s designated frequ@ ange, minimizing unnecessary disruption or interference across the
f 2.69GHz to 22.98GHz. As shown in Fig. 15, a pin-diode and the

sive elements for biasing are assembled on aboard. The direct current (DC)

extensive operating

associated active
source drives (e diodes, that are activated and coupled in the appropriate locations of P1, P2, and P3
within the built antenna. The VNA was also utilized for measuring the other reflection properties.

As illustrated in Fig. 16(a), the high-pass and low-pass filters are strategically placed around the
feeding structure. The high-pass filter features a “T” shaped component. A narrow gap (0.3 mm) at
the center of the T-resonating element facilitates high-pass filtering, as depicted in Fig 16(b), along
with its equivalent circuit. The circuit has capacitors Ci1 and C: at the middle which accepts input

signal and passes high frequencies to feed line through resistor Ri while inductor bypasses low
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frequencies to ground. The filtering process is described in the context of pin diodes. The P2 and Ps
pair of switches that are currently being used. P3is positioned at the center of the aperture, while P2
links the feeding line to the "T" resonator. As illustrated in Fig.16(d), the reconfiguration filter
functions as a high-pass filter when both P2 and Ps are activated to connect the feed to HPF, and
diode P1 is kept off to isolate the LPF. This configuration enables the radiator to operate within the
14GHz to 23GHz resonance range. The low-pass filter consists of two closely spaced twin L-shaped
resonating elements that are linked to afeeding line through a pin-diode (P1), with the corresponding
equivalent circuit confirming its low-pass behaviour shown in Fig. 16(c). When P1 is triggered, it
connects the LPF to the antenna feedline, allowing the antenna to operate at a frequency of 2.69GHz
in the low-pass mode as shown in 16(e). Due to the arrangement of these filters, the reconfiguration
filter serves as a band-pass filter when P2, P2 and Ps are all activated, cascading the LPF and BPF
together. As demonstrated in Fig. 16(f), the antenna's operational bandwidth is narrowed to 10.5GHz,

which is close to the center frequency, in band-pass mode.

The BARG64 pin diode is utilized for the reconfiguration of the antenna’s bandwidth. The equivale nt
circutt, along with the values of lumped elements, is illustrated in Fig.17. In the ON state, the pin
diode functions as a current-controlled resistor in series with aslight package inductance. Conversely,

in the OFF state, it acts as a small capacitor in series with the same inductance.
' ' 4

A constructed model @ recommended SWB antenna is depicted in Fig. 18. The antenna
has three working types s, highpass, and bandpass. Circular polarization can be achieved more
easily and gain c %lncreased by adding LHM below the monopole radiator. The antenna
dimension is red 40 X 0.140, with respect to the lower resonance. A VNA is used to measure
the S11 of erated antenna, and the comparison been made with the simulation's outcome. The
S1 Iearéeveals that the reflected signal power reflected to the incident signal power on the
intercgnnect of two ports. Here the ports are associated with antenna and transmission line/ coaxial
cable. The reason for the discrepancies may be due to connector loss, dielectric loss, uneven copper
coating on the FR4 substrate, near field scattering objects, faults in soldering and fabrication. The
20.3GHz of bandwidth is one of the most crucial considerations for the suggested antenna. The

resonant frequencies f; and f, have been found to be 10.4GHz and 2.73GHz, respectively. Based on
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the calculations, the reduction in size has been found to be 73%. With this produced antenna on the
side that receives signals and the horn functioning as the transmit antenna, the distributions of

radiation in the anechoic chamber have been measured.

Fig. 19 and 20 shows the radiation patterns in the zoy (E-plane) and xoy (H- pla es
respectively. The simulated radiation characteristics at 3GHz, 11GHz and 1GGHz @nearly
identical to their observed versions over this wide operating bandwidth. The radiatiov@érn at 3GHz
is dumbbell shaped while those at 11GHz and 16GHz were almost coveri %quadrants. The
designed antenna is effective enough for specific polarization as it has lo &5 polarization levels

as illustrated in radiation pattern plots. Several factors can lead got ontrast among the results of

simulation and experiment, including the following: idealized t representations of the CST

simulation's antenna configurations, small variations in the p s and dimensions of the material,

fabrication and soldering errors, shifts in stray fields, ,an inaccurate measurements.

>

Fora SWB antenna covering the huge band , 1 is essential to fix the antenna’s size fixed; smaller
is preferable. To verify these requireme profile compression has been made that decreases the
design dimension or size. The ante akea is regarded as its size. Therefore, a combination of

width and length (WxL) is us rmine size. It is possible to determine the antenna's guiding
wavelength [29] by @

K

where, ¢ = speed of light (3x108 nvs), f=center frequency of operational bandwidth. The bandwidth
ratio [29] is frequently utilized for estimating bandwidth, which is expressed as

y’ BW =

.(8)

%:1 .(9)

For the developed antenna, the bandwidth measures 8.54:1, which has been compared with similar

works in the comparison Table 3. The comparative assessment of various antenna designs from
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references [1], [2], [3], [4], [5], [6], [9], [16], and [19] highlights the advantages of our proposed
antenna. In terms of compactness, our design occupies merely 0.04A¢*, which represents the smallest
footprint, only matching [3] (0.0442) and being significantly smaller than [1-3,5, 6,9, 16, 19]. When
it comes to impedance bandwidth, our antenna achieves an impressive ratio of 8.54:1, which
outperforms all the specified references. A major strength of our work is its axial ratio bandwidth of
19 GHz, considerably higher than that of [1], [4], [5], [6], and [16], while references [2], [ nd
[19] do not provide support for circular polarization. In terms of gain, our antenna def S%5.28 dB,
which, although lower than [5] and [9], remains competitive and exceeds the perfor@ of [1], [2],
and [4], closely matching [6] and [16]. Moreover, in contrast to [1], [2], [4], [6].{27, [16], and [19],
our design includes physical filters, akin to [3] and [5], which contribute toNmproved bandwidth and

polarization performance. Apart from reference [4], there are ther studies that provide
ﬁ?p?esearch in [19] achieved a

polarization reconfiguration or any other type of reconﬁguratix
peak efficiency of 90%, whereas the current proposal atta? xt highest efficiency of 85%. In
summary, when compared to all the aforementioned, reférences, our antenna is distinguished by its

compact size, ultra-wide impedance bandwidth, a tanding axial ratio bandwidth, while still

achieving a satisfactory gain level and efﬁcie%

Fig. 21 shows the fluctuation of t '% the functional bandwidth and the comparison has been
made between simulated and m gain. There is slight deviation among the measurement and
simulation results across the n&quencies. The antenna gain is increased at its lower frequency of
operation by using LHIKJ ches its peak at 19GHz and then starts to decrease. This work focuses
on services that encg @ automotive, 5G, and radar technologies, with frequencies ranging from 2
to 27 GHz. The flow-cost FR4 substrate results in very minimal gain at lower frequency bands,
which is éu)@)for most of the mentioned applications. Therefore, incorporating a left-handed
metamate (LHM) behind the radiating patch is employed to redirect electromagnetic waves in the
forward direction at lower frequencies, enhancing the gain to the required levels for the application.
The antenna designed without the LHM achieves again between -0.93dBi and 0.5dBi for frequencies
from 2.69 GHz to 8.5 GHz. In contrast, integrating the LHM raises the gain to a range of 0.9dBi to
3.4dBi throughout the same frequency interval of 2.69 GHz to 8.5 GHz. Consequently, a maximum

gain improvement of 2.9 dBi has been observed. Thus, the significant increase in gain within this
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lower frequency range is deemed suitable for estimating the operational bandwidth, as it encompasses

essential services along with enhanced impedance matching.

The automotive sector that facilitates vehicle-to-vehicle (V2V) and vehicle-to- infrastructure (V2I)
communications operates within the 5.850 — 5.925 GHz range, while vehicle-to-everything (V2X)
specifically utilizes the 5.9 GHz band. In contrast, 5G technology functions within afreque “a

of 3.3-3.670 GHz. Radar systems, which differ based on their applications, are utlllzed Céas like
weather monitoring, aviation, and military operations. A broad array of frequency@i including
S(2-4GHz), C(4-8GHz), X (8-12GHz), and K(18-17GHz), has been e& for the radar

applications mentioned above.

7. Conclusion:

A small UWB antenna operating in the 2.69GHz to 22.98 Xﬁuency band has been presented.
The antenna that has a LHM unit cell built in it can a p

5.28dBi. The CMA analysis was done to get gr Nsight in to the mode generation and its

influence in the bandwidth expansion. Fog t mmended left-hand metamaterial, refractive

CP and gain improvements of up to

index, permittivity, and permeability were simelated as it plays a vital role in improving antenna

performance. Three separate pass ba n be provided over the operational bandwidth by the
reconfiguration filter. To verify t defing results, a working model of the suggested circular
polarization SWB antenna i it and verified. The proposed antenna can be utilized in the

automotive industry, 5G @B and radar systems that covers a wide frequency range.
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Fig. 1. Antenna schematic (a) Top, (b) Bottom (c) E.B.G

Fig.2 LC network

o

Fig. 3 Quarter wavelength impedance matching ° O

Fig. 4: Transformation steps of designed antenna (a) Stagel-2, (b) Sta @(c) Stage 3-4,
(d) Stage 4-5, (e) Stage 5-6, (f) Stage 6-7 /xi{

Fig. 5: Modal Signifance of different stages of proposed a@a) Stagel, (b) Stage2, (c)
Stage3

Fig. 6: Simulated results of (a) Charactersitic angle (b) Eigenvalue
N
Fig 7: Field distribution of (a) Mode 1, (b) Mode 2, (c) Mode 3
Fig. 8: Field distribution of (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, () Mode 5
Fig. 9: Field distribution of (a) Mode 6, (b) Mode 7, (c) Mode 8

Fig. 10: Antenna (a) Equivalent circuit, (b) Circuit & schematic S11 comparison
X~

Q Fig. 11: LHM unit cell

@g. 12: Left hand metamaterial: (a) Permeability, (b) Permittivity, (c) Refractive index

Wg. 13: Surface current direction for different phases of (a) 0°, (b) 90°, (c) 180°, (d) 270°

Fig. 14: AR graph

Fig. 15: Simulation and measurement of S11
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Fig.16: Reconfigurable filters (a) Reconfiguration filter (b) High pass filter, (c) Low pass filter (d)
High-pass response, (e) Low-pass response, (f) Band-pass response

Fig. 17: Equivalent circuit of pin diode in (a) ON state, (b) OFF state

>

Fig. 18: The antenna (a) Fabricated layout with measuring arrangement, (b) S1f & ison
Fig. 19: E plane Radiation patterns at (a) 3GHz, (b) 11GHz, (c) 16(@

Fig. 20: H plane Radiation patterns at (a) 3GHz, (b@Hz, (c) 16GHz

XN
Fig. 21: Gain vs ngu@%

Table 1: Modi%@nd their improvements

Table,2 Details of equivalent circuit

Table 3: Cowg T this research to the related article
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Table 1: Modi%vs and their improvements

Modification

LHM

lWois Placed directly behind the patch to enhance gain and
r

<

Improvement

te circular polarization (CP)

P
Stub, steps, slit, and mset\To

achieve improved impedance at lower

frequencies up to 10GHz

matching

the feed @

atch

Step slot in

To achieve ultra-wideband coverage up to 16.2GHz, a step
slot featuring consistent horizontal and vertical dimensions
of Ci1=2mm and Cz=2mm is utilized, which divides the
resonant patch into two equal parts at its center.

Verticall sl

in the ground

Improves the bandwidth that covers from 2.74 to 18.5GHz

G in ground

Extends the lower cutoff frequency
f, to 2.69GHz and renders better impedance matching at mid

frequencies

Edge and longitudinal slots
in ground

Enhances the bandwidth by 4GHz and supports circular
polarization.

Reconfigurable Filter

To shift the bandwidth of operation

Corner asymmetric slots in
patch

It brings asymmetric shape to the patch for supporting
circular polarization
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Table.2 Details of equivalent

circuit

Physical Antenna
Features

Equivalent Circuit
Elements

Explanation

Patch

Step slot

Le, C7

Long current path o stofe
magnetic energy, mo
as inductors. Electri S

across  slots @ like

capacitive this

produce Q parallel
combinationof inductance

and itance.

Via

Ls,C1,Rs

The, fimite conductivity of
! ontributes to both
uctance and resistance,

whereas the formation of

parasitic capacitance with
the patch and ground is
represented by a capacitor.

Inverted U slot & Corner
asymmetric slots

&
Q@Q
c

Yv

O

Inverted U slot induces
capacitive  effect  which
brings lower order modes
close together and thus
provides enhanced
impedance  matching  at
lower frequencies.  The
asymmetric  slot perturbs
the current distribution and
couples different direction

of current flow. The
resultant  electric  field
across the slot produces
capacitance. The parallel
combination this
capacitance provides

equivalent capacitance of
Ce

Stub L1 Acting as acurrent path that
establishes inductance
Dielectric R> Substrate material which

resists the current flow
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between top and bottom
layer acts as a resistance

Left Hand Metamaterial (LHM)

LHM

L2, Cs, C2

The LHM design renders
electrical  equivalent  of
parallel ~ connection  of
inductance and capacitance

Radiation resistance

R3

Models  power actuall
radiated vs. dissipateds é

Ground

Vertical slot

L4,Cas,Rs

C comes from the
the ground and S

from the currght
around t&)ﬂ indicates

diminishing “eurrent

EBG

Ls, C3

This jodic slot behaves
li onant LC network

Edge and longitudinal slots

electric field across

Qﬁse slots induces couple
of capacitances, whose

parallel combination gives
Cs

Table 3: Compari f this research to the related article
n s

o i Physical Axial Ratio
Polarization Area BW )
(d filters BW
[1] CP 3 0.254; 7.51 Not used 2.85GHz
[2] LP (Veftical)® 4.2 0.25 42 3.241 Not used NA
[4] Q 3.27 0.20A2 1.21:1 Not used 0.74GHz
[3] Nil 5.2 0.04 12 1.55:1 Used Nil
Cy
&V CP 7 0.32512 1.19:1 Used 0.22GHz
V] CP 5.2 0.1242 1.03:1 Not used 0.5GHz
[9] LP 8.7 0.5512 1.2711 Not used Nil
[16] CP 55 0.15 A2 1.271 Not used 0.77GHz
[19] Nil 7.2 0.0912 3.6:11 Not used Nil
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Our CP 5.28 0.04 12 8.54:1 Used 19GHz
Research
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