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ABSTRACT: In this article, a Miniaturized Pentagonal Antenna (MPA) with a Minkowski Curve, Fractal Defected Ground Structure
(MCF-DGS), and Frequency Selective Surface (FSS) is proposed for 5.725-5.875 GHz WLAN application. The performance of a A/4
transmission line-fed pentagonal patch antenna is examined using an iterated MCF-DGS etched on the ground plane. In the beginning,
a fundamental antenna (Antenna-1) is designed and measured at 13.2 GHz with a Sq1 of —32.45 dB. After that, the resonant frequency
of the fundamental MPA has been reduced from 13.2 GHz to 5.8 GHz by employing MCF-DGS (Antenna-2) with 56% miniaturization.
The S11 of MCF-DGS measured for single-band frequency 5.8 GHz is —33.36 dB. The performance attributes of an MPA with improved
efficiency, peak directivity, and peak gain via MCF-DGS and FSS (Antenna-3) are also analysed. The proposed antenna of 15 x 16 mm?
(or) 0.29X¢ x 0.30\o mm? with a height of h; = 1.6 mm is designed, fabricated, and tested on a substrate of FR4 epoxy. The peak
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gain and peak directivity at 5.8 GHz are elevated from 1.74 to 7.40 dBi and 3.53 to 7.95 dBi by using an FSS composed of FR4, with a
thickness of he = 1.6 mm, situated under the MPA at a height of hs = 8.5 mm. The prototype model’s test results are validated by the

predicted outcomes of the proposed model.

1. INTRODUCTION

ntenna miniaturization has been the subject of studies for
Aalmost seven decades. Recently, numerous new studies
have been performed to minimize the form factor (or over-
all dimensions) of various types of antennas while striving to
preserve appropriate matching characteristics and operational
bandwidth. These miniaturization strategies are typically asso-
ciated with altering an antenna’s electrical and physical char-
acteristics. Fallahpours and Zoughi [1] posited that altered me-
andering lines, Koch-fragment tree, and designs influenced by
materials and metamaterials are the primary methodologies for
antenna miniaturization. The diminishment of antenna elec-
trical size results in reduced bandwidth and efficiency, com-
plicating matching due to the rise in antenna Q and spherical
mode radiated fields referenced by Chu [2]. The notion of
“an electrically small antenna” matches the reduction of an-
tenna dimensions with Ka < 1.0, whereas ‘a’ signifies a sphere
radius that includes the antenna and K = 27 /) denotes the
wave propagation vector [3]. Ziolkowski and Erentok [4] clar-
ified the radiation properties that indicate a reduced bandwidth
impedance, quality factor (Q), and peak gain for the develop-
ment of compact antennas. Jahani et al. [5] examined resonators
featuring an Mu-Negative (MNG) Metamaterial configuration
for tiny antennas. Numerous miniaturization strategies have
been devised for both non-planar slot and planar antennas, en-
compassing wires and loop methods [6-9]. Several antenna
designs are employed in dimension-reduction techniques uti-
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lizing Fractals, Complimentary Split Ring Resonator (CSRR),
Electromagnetic Band Gap (EBG), Single Split Ring Resonator
(SSRR), and Split Ring Resonator (SRR) structures. Mishra
ital. [13] examined a miniaturized antenna based on an elec-
tric LC resonator, characterized by good gain. DGS was em-
ployed to reduce patch dimensions and analyze collection ele-
ments [14-19]. Antennas engineered using multi-layer super-
state designs exhibit enhanced peak directivity and peak gain
[20,21].

This study establishes two ways of miniaturization: one
about antenna dimensions and the other treating the shifting of
the resonant frequency. The Chu limit is attained by a minia-
turized antenna, exhibiting size reduction. Changing the oper-
ating frequency is the idea behind using a smaller antenna with
a 56% of resonant frequency miniaturization. The Chu limit
was utilised to build an MPA, resulting in an increase in ob-
served gain and directivity of MCF-DGS and FSS at 5.8 GHz,
from 1.74 to 7.40 dBi and from 3.53 to 7.95 dBi, respectively,
for WLAN applications. Table 1 shows that DGS-based anten-
nas, in the literature, operating at lower frequencies generally
have larger physical dimensions and lower peak gains than the
proposed antenna.

2. MINIATURIZED ANTENNA DESIGN

The current investigation presents an MPA including
Minkowski Curve, Fractal Defected Ground Structure
(MCF-DGS) and Frequency Selective Surface (FSS), analyzed
using ADS (Keysight Advanced Design System) and Ansys
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TABLE 1. Comparison of recently reported DGS-based antenna miniaturization techniques with the proposed antenna.

.. L. Resonance shifting . Gain (dBi) with
. 2 Miniaturization Working .
Ref size (mm”~) Frequency [GHz] respect to resonant Methodologies
(%) : | category .
Before shift | After shift frequencies
Rectangular slot with
[17] 0.28\ % 0.28)\ 56.89 5.8 ISM 1.75 inner and outer of the
concentric rings shaped
Patch Ant A
[18] | 0.2)%0.22) 47.36 5.7 WIMAX 8.9 afch Antenna Afray
with power divider
Mi trip Patch Ant
[19] | 0.1A#1.25) 25.0 10 Arrays 4.12 10TOSHp T'ateh Amiehina
with Spiral DGS
Patch ant ith
[20] [ 1.149X % 0.466) 57.77 5.8 2.45 ISM 2.14 ateh antenna with one
cell and Two Cells of DGS
d ant
[21] |0.125X % 0.193) 53.6 5.8 2.69 Arrays 7.026 proposed antetma
array 4 x 1
Proposed | 0.29X % 0.30\ 56 13.2 WLAN 6.70 KCF-DGS

TABLE 2. All optimal dimensions of the suggested antenna.

Improved Value Improved Value
variables Measurement variables measurement
[mm] [mm]
Ground and substrate width,
15 Length of feed, Lo 32
WG and WSub
Ground and substrate length,
16 Length of KCF-DGS covered was L, 6.07
LG and LSub
Patch pentagonal antenna with 71 3 Length of Rectangular Slot, Ly 0.81
Width of feed, W5 0.38 Length of Slot, L. 1.7
Substrate thickness, h 1.6 Width of the Rectangular Slot, W, 13.38
Feed Width, W Length of feed L, 2.3 Width of KCF-DGS, W, 1.7

HFSS (High Frequency Structure Simulator). Figures 1(a)
and 1(b) illustrate the upper and lower perspectives of the
proposed MPA, which is energized by a 50 ohms connector
and has an MCF-DGS created on the surface of the MPA’s
ground plane. Equations (1) and (2) denote the length of the
feeder (Ly) and microstrip line impedance (Zy), respectively
[22]. The substrate, composed of FR4 and measuring 1.6 mm
of thickness, exhibits a dielectric permittivity of 4.4 and
dimensions of 0.29)\¢ * 0.3\o mm?. A pentagonal patch with
a fillet radius of 0.3 mm is used to smooth the vertex edges of
the pentagonal antenna, and 1 = 3 mm is utilized for WLAN
application.

L 50
ﬂcos_l

- (M

Ly = 20

377
Zo = @

V/er (% +1.393 4+ 0.667 In (% + 1.444))

2.1. Construction of Minkowski Curve, Fractal Defected Ground
Structures

Table 2 presents improved values of the suggested antenna, and
Figures 1(a)—(d) show the geometry of a pentagonal antenna
using a Minkowski Curve, Fractal Defected Ground Structure
(MCF-DGS) technique. The proposed antenna was miniatur-
ized by 56%, which can switch between 13.2 and 5.8 GHz.
The miniaturized pentagonal antenna with MCF-DGS proposed
here is intended to proceed with the Chu limit [1] from the third
equation. An antenna is encased within a sphere, represented
by the letter ‘a’.

1 1

QChu:E+W

A3)
In Chu et al. [2], a numerical correlation was suggested between
the source dispersion and its association with the configuration
of the antenna within the sphere. A sphere with a radius of
7.5mm was used to calculate the Chu limit for a patch with
a miniaturized antenna including the MCF-DGS. Koch curve
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FIGURE 1. Miniaturized pentagonal antenna with an MCF-DGS geometry. (a) Upper view, (b) view from the bottom, (c) Minkowski curve, fractal

defected ground structures: iteration zero, (d) iteration one, and (e) iteration

concept is used to design the proposed geometry at the periph-
ery of the slot with dimensions of 3 x 0.35mm?. An MCF
is partitioned into n sections, where Wp,14¢4s = L geometric
sections. A technique for segmenting a line is illustrated in
Figures 2(d)—(f). The same frameworks are employed for all
iterations to substitute the central sections. Each repetition in-
creased the line length to five-thirds of the original. According
to Equation (4), the revised dimension is L.

Lyn = L(5/3)" 4)

The length of the initial line is L, and the length of the sub-
sequent line after n repetitions is L,,. The suggested antenna
consists of two iterations, n = 2.

The design procedure is elaborated further below. Figure 2
illustrates the procedures undertaken to finalize the prototype
of the single-band miniaturized Minkowski Curve, Fractal De-
fected Ground Structure (MCF-DGS). A pentagonal radiator
functioning in the Ku-band at 13.2 GHz, exhibiting a gain of
6.49 dBi and bandwidth impedance of 6.049% is presented in
the 1st case (Figure 2(a)). The proposed antenna was altered by
removing the KCF defective structure from the ground plane.
This etching was performed to reduce the frequency band. Con-
sequently, the concept of antenna miniaturization involves tran-
sitioning the frequency from the Ku band (f7) to the C band (f2)
without modifying the antenna size. Equation (5) represents the

two.

Miniaturization Factor [23, 24].

_ P

f1
The implementation of a DGS with a microstrip antenna causes
a disruption in current distribution owing to the carved flaw on
the ground plane. The flow of surface current and character-
istic impedance parameters are affected along the path of the
antenna’s capacitance and inductance values, which result from
variations in current distribution [20]. The working frequency
is altered from 13.2 to 5.8 GHz attributable to an augmenta-
tion in the path of electrical length (51) of the proposed an-
tenna. Following the implementation of the initial repetition
of Koch Curve Fractal (KCF)-DGS on the ground-based bot-
tom plane, the gain diminished to 1.79 dBi, and the bandwidth
impedance contracted to 10.35% at the operational frequency
of 5.87 GHz, as illustrated in instance 2 of Figure 2(b). Sub-
sequently, the KCF-DGS, second iteration, is etched onto the
substrate, leading to a decrement of 1.71 dBi in gain, a shift in
resonant frequency to 5.84 GHz, and a bandwidth impedance
of 5.88%, as illustrated in case-3 of Figure 2(c). Altering the
proposed antenna design structure that supports the third itera-
tion of KCF-DGS on the ground plane enables the antenna to
function at a smaller frequency band, leading to a reduction in
frequency. Case—4 in Figure 2(d) indicates that at 5.76 GHz,

M Q)
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FIGURE 2. The procedures for developing a single-band miniaturized antenna: (a) quarter wave-fed traditional antenna, (b) 1st repetition, (¢) 2nd
repetition, (d) 3rd repetition of KCF-DGS, (e) KCF-DGS on the surface of ground view, (f) FSS positioned beneath the conventional antenna, (g)
structure of FSS, (h) upper view, (i) reverse view, and (j) testing room of the constructed prototype.

TABLE 3. Attributes of miniaturized antennas for various phases.

parameter Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Resonant freq. (GHz) 13,2 5.85 5.84 5.76 5.8 5.8
Ka and Qcpy 2.07,0.59 | 0.91,2.38 | 0.91,2.39 | 0.90,2.46 | 0.91,2.42 | 0.91,2.42
Gain (dBi) 6.49 1.79 1.71 1.81 1.74 7.40
Bandwidth (GHz) 0.80 0.61 0.62 0.58 0.64 0.72
Directivity (dBi) 7.59 3.71 3.51 3.45 3.53 7.95
Efficiency (%) 97.8 65.2 64.6 63.4 60.1 82.5
E-plane (dB) 8.78 4.17 ~12.30 0.945 6.19 5.78
0=0°¢=0°
H-plane (dB) § = 90°, ¢ = 90° | —7.68 —5.12 —2.39 —2.43 —4.14 —5.18

the gain is enhanced to 1.81 dBi, accompanied by a bandwidth
impedance of 10.06%. Using rectangular-slot geometry on the
ground, current is disrupted throughout the patch, due to which
the resonance frequency is shifted by increasing the electrical
length (/31), which affects capacitance and inductance values,
resulting in an increase in realized gain and a decrease in reso-
nant frequency. As depicted in case—5 in Figure 2(e), the gain
is 174 dBi at a frequency of 5.8 GHz. Finally, in case—6 of
Figure 2(f), Miniaturized Pentagonal Antenna (MPA) with a
Minkowski Curve, Fractal Defected Ground Structure (MCF-
DGS) and Frequency Selective Surface (FSS) is suggested for
5.8GHz WLAN application. The suggested patch antenna
is manufactured after the simulation results have been veri-
fied. Photographs of the manufactured antenna, which mea-
sures 15x16 x 1.6 mm?®, with and without DGS and FSS, are
shown in Figures 2(h)—(j). The MITS prototype machine is
used to manufacture the suggested antenna with DGS and FSS,
and the Vector MS2037C Network Analyser (VNA) is used for
experimentation. The characteristics of the miniaturized an-

10

tenna at different stages are compared in Table 3, from case-1
to case-6.

Figures 3(a) and 3(b) illustrate the layout model and lumped
equivalent circuit of the proposed single-band antenna, respec-
tively. An effective method for addressing this issue is to incor-
porate an integrated element in the equivalent schematic repre-
sentation utilizing ADS for every component of the suggested
schematic antenna. Correct modeling of the antenna is required
to determine the correct values of elements. The subsequent
values of L, R, and C' correspond to the frequency of the patch
antenna. The subsequent Equations (6)—(9) facilitate the cal-
culation of similar circuit (L, C, and R) parameters and the
assessment of the quality factor of the resonator. X denotes the
feed point location.

_ eoe LW cos? Xo
2h L

1
Cw?

(6)

™)
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FIGURE 3. (a) Model of similar circuits and (b) layout for miniaturized patch antenna with KCF-DGS using ADS.

R — Q
- Cuw? ®
Quality Factor, Q = < ce 9
uality Factor, = arh 9

The parameters L and C'r in the equivalent circuit of the line
feed are defined by Eqs. (1) and (11), respectively

Ly = 100k (4,/]1_1"5;21) (nH) (10)
Cp = Wi[(9.52, +1.25) =L +5.2¢, + 7] (pF) (1)

h

The adjusted values of parameters of the compared equiva-
lent circuits are optimized parameter values extracted from the
lumped equivalent circuit, which are L, = 0.86nH, C}, =
0.189pF, Rp = 272.61<) of the patch. T L1 consists of
w = 2.3mm, L = 4.7mm, and T'L2 consists of w = 0.4 mm,
L = 3.2mm. Rg4s = 314.550hms, Ldgs = 7.035pH, and
Cdgs = 0.9449 pF are calculated respectively as illustrated in
Figure 3(a).

2.2. Principles of FSS Reflectors Employed to Enhance the Gain
of the Proposed Antenna

Figure 4(a) shows the miniaturized antenna’s side view with an
FSS reflector. The compact single-layer miniaturized antenna
with an FSS reflector developed in this investigation comprises
two square-ring resonant components, as shown in Figure 4(b).
The impedance bandwidth can be improved by increasing the
electrical size of the complete reflector using the four branches
of the two square rings. The thickness (h2) of the 1.6 mm FR4
epoxy substrate was used to create the FSS model. For FSS
analysis, the equivalent circuit model (ECM) provides a quick
and easy method. The fundamental unit form is a square loop,
which is comparable to the LC series model [26]. Figure 4(c) il-
lustrates the identical circuit model of the developed frequency
selective surfaces (FSSs). The ECM’s capacitance and induc-
tance can be solved using Egs. (12)—(16), where @ is the inci-
dence angle, and D, P, S, and gap are the FSSs’ square loop
dimensions listed in Table 4. The corresponding circuit of the
outer loop is depicted in Figure 4(c), where the space between
the two adjacent parts provides capacitance C'1, and the loop
contributes to inductance L1. Similarly, the inductances L2

11

TABLE 4. FSS reflector unit cell dimensions (mm).

variable gap P S

035 | 435 | 1

value 4

and L3 and capacitance C2 of the inner loop are known. Ac-
cording to Egs. (11)—(16), L1 = 10.97nH, C'1 = 0.0686 pF,
L2 = 5.49nH, and C2 = 0.0343pF, L3 = 5.49nH. Fig-
ure 4(d) shows the entire top view of the miniaturized proposed
antenna.

Be d
— =wc=4—-secHF(p, g, e 12
Y p (p, 9, Nee (12)
Where F(p, s, \) = pA[lncosecms2p + G(p, s, A)]  (13)
Glp s, \) = = x
p7 S? - 2
(1-p2)° ( %) (A{+A)+4B%A A
: (14)
( )+52( +5 - %) (Ay+A)+285A,A
1, B=sin  (15)
\/1:|: 2psing pcos9)2 2p
. et _5,»—1 " ex —13h
eff — 2 p p
10052
— (= —29+10n (16)

3. RESULTS AND DISCUSSION

The reaction of the circuit model was compared with the HFSS
simulation response, as illustrated in Figure 5(a). This outcome
indicates a strong concordance between these two graphs. Both
answers exhibit an S7; of approximately —32.46 at the reso-
nant frequency of 13.2 GHz. The measured and simulated re-
turn losses are displayed at 5.8 GHz, demonstrating strong con-
cordance in Figure 5(b). The simulated S7; is pertinent to the
development of a single-band miniaturized antenna, as shown
in Figure 5(c). Figure 5(d) illustrates a simulation of KCF-DGS
with (iteration 0) with a different slot size ‘W;’. Because of

WWwWw.jpier.org
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FIGURE 4. (a) Lateral view of the miniaturized antenna using DGS and FSS reflector, (b) FSS unit cell dimensions, (¢) equivalent representation of
FSS unit cell, (d) equivalent circuit of FSS, and (e) top view of the miniaturized antenna using DGS on the FSS reflector (Antenna-3).
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FIGURE 5. Comparison of S11 with frequency: (a) simulated single-band patch with HFSS, circuit layout, and electromagnetic schematic simulation
with ADS, (b) measured results, (c) simulation technique utilised in the development of a single-band antenna, and (d) simulation of KCF-DGS with
(iteration 0) utilising an alternative size ‘W;’ of slot.

KCF-DGS, the size of the rectangular slot fluctuates by 0.5 mm
in iteration 0. This facilitates the initial resonant frequencies
(from right toward left) to transition to a smaller frequency.

Figure 6(a) illustrates the 3D gain plot and current disper-
sion along the length of the feed line at 13.2 GHz within the
Ku band. Figure 6(b) depicts the relationship involving the
margin currents of the iterated KCF-DGS fractal and patch at
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FIGURE 6. 3D gain plot and current distribution (a) for conventional antenna at 13.2 GHz, (b) with DGS, (c) with DGS and FSS, and measured,
simulated radiation pattern results, (d) for the conventional antenna at 13.2 GHz, (e) with DGS 5.8 GHz, and (f) with DGS and FSS at 5.8 GHz for

miniaturized antenna.

5.8 GHz within the C band. Figure 6(c) shows the current dis-
tributions of the KCF-DGS fractal and FSS at 5.8 GHz in the
C band. Figures 6(d), (e), and (f) illustrate the simulated and
measured radiation patterns of the proposed antenna in the E-
plane and H-plane. The E-plane radiation pattern exhibits a
bidirectional characteristic with pronounced maxima near 90°
and 270° and nulls around 0° and 180°. In contrast, the H-
plane demonstrates a nearly omnidirectional radiation charac-
teristic with relatively uniform radiation intensity over the az-
imuth plane. In the X Z-plane, the co-polarized component
(E0) dominates the radiation characteristics, while the cross-
polarized component (Ep) remains significantly lower over
most angular regions. The radiation pattern exhibits a bidirec-
tional characteristic with pronounced nulls near 0° and 180°.
In the Y Z-plane, the antenna produces a broadside radiation
pattern with the main lobe directed normal to the antenna sur-
face. The cross-polarization levels are substantially suppressed
compared to the co-polarized fields, demonstrating good po-
larization purity. Furthermore, the radiation patterns remain
largely unchanged across the operating frequencies, indicating

14

stable radiation behavior and consistent antenna performance
throughout the operating bandwidth. The measured and sim-
ulated results show good agreement, validating the effective-
ness of the proposed design. The maximum gain associated
with the single-band patch antenna is observed at a Ku-band
frequency of 13.2 GHz, as illustrated in Figure 7(a). The mea-
sured peak directivity and peak gain of a loaded KCF-DGS tra-
ditional antenna and FSS at 5.8 GHz are shown in Figure 7(b)
as 1.74 to 7.40 dBi and 3.53 to 7.95 dBi, respectively. In a tra-
ditional time-domain investigation, the fidelity factor is an es-
sential component that reveals the antenna’s characteristics. To
reduce losses in the signal modulated in electronic communica-
tion, there is a strong connection between the sending and re-
ceiving signals. To evaluate the pulse measurement attributes
of the suggested antenna reduction, Figure 7(c) shows two sim-
ilar antennas placed adjacent to one another, 40 cm apart. Fig-
ures 7(d), (e), and (f) delineate the simulated and experimental
characteristics of received and input signals in a time-domain
methodology. The fidelity factor correlation is computed [25],
and the resemblance of the received and input signals is deter-
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FIGURE 7. Results of measured peak directivity and peak gain vs frequency for (a) patch antenna, (b) single working band antenna, (c) concurrent
scenario for time-varying achievement, (d) the normalised signal level — input and transmitted signal, (e) simulated, transmitted and received
signals, (f) measured transmitted and received signals, and (g) patch with different heights of placing FSS.
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TABLE 5. Performance comparison of the proposed antenna with previously reported miniaturized antennas.

Resonance Switchin
Ref size (mm?) Frequenci (GHz] g Type of loading Miniaturization | working | Gain | Fidelity
(%) bands (dBi) factor
Before switch | After switch

[2] 0.561A * 0.561\ 2.01 1.53 Loop 23.88 Single —-3.4 No

[3] 0.812X % 0.812) 3.26 2.03 Wire 28.83 Single NA No

[4] L.16A % 1.16A 3.26 2.32 Slit, strip 37.73 Single 0.5dB No

[13] 0.3X % 0.3 4.2 2.5 Fractal EBG and SRR 40.47 Single 3.77 No

[14] 0.5X % 0.5\ 4.225 2.5 HRI metamaterial 40.8 Single —-1.1 No
Proposed | 0.26 % 0.31)\ 13.2 5.8 MCF-DGS 56 Single 7.32 Yes

mined using Eq. (17). z(t) signifies the sent signal, whereas
y(t) represents the incoming signal. For the data being entered
and transferred signal, the obtained fidelity factor is 84% be-
tween the input and transmitted signals, 80% between the trans-
mitted and received signals, and 78% for the experimentally
measured transmitted and received signal.

Figure 7(g) represents the patch with different heights of
placing FSS. Table 5 compares previously published findings
with the suggested miniaturized single-band antenna.

Fabt—r)dt
F = max, +*°° (17)
[ a(t)?dt [T b(t)*dt

4. CONCLUSION

This article presents a miniaturized Pentagonal Antenna
(MPA)-loaded Minkowski Curve, Fractal Defected Ground
Structure (MCF-DGS) with Frequency Selective Surface (FSS)
for 5.725-5.875 GHz WLAN applications, which operates at
5.8 GHz, has S1; of —32.45dB, respectively, and achieves a
miniaturization of 56%. The antenna is 15 x 16 x 1.6 mm?>
(or) 0.29)¢ x 0.30\o mm? in size, based on an FR4 epoxy
with a peak directivity of 7.95 dBi. It functions in single band.
An MCF-DGS achieves Ka < 1 at 5.8 GHz. To ascertain the
fidelity factor of the proposed antenna, a time-domain analysis
was performed in a side-to-side arrangement. In terms of
percentages, the 0.80 GHz bandwidth was 3.46 percent.
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