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Fig. 4. Return loss vs Freq. plots of different Iterations from stage-1 to stage-6.

IV. RESULTS AND DISCUSSIONS

A. Reflection Coefficient of the Proposed Antenna

The reflection coefficient, which is a critical parameter
in antenna assessment, is analyzed by employing an
iterative design method as shown in Fig. 4. The proposed
antenna’s initial iteration features are a central 2.4 GHz
resonance frequency and a significant bandwidth of
100MHz. The antenna produces even more improvement

in the second iteration by achieving an enhanced
bandwidth of 110 MHz at a resonant frequency of 2.3 GHz.

The design exhibits remarkable dual-band behavior at
the third iteration with frequencies of 1.6 GHz and 2.3
GHz of resonance. The fourth and fifth rounds of the
iterative refining process take an interesting turn when a
circular-shape etched patch using the Kotch fractal is
inserted. This new adjustment leads to a significant
bandwidth gain and the appearance of a multiband
phenomenon. Resonating frequencies of 1.7 GHz, 2.3 GHz,
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and 3.87 GHz are now shown by the antenna,
demonstrating the effectiveness of the iterative design
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process and the special roles played by the Kotch fractal in
determining the antennas performance characteristics.
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Fig. 5. Gain of the proposed antenna at 1.5 GHz, 2.2 GHz and 3.8 GHz.

B.  Gain of the Proposed Antenna

Fig. 5 depicts the detailed examination of the Gain
characteristics for the suggested antenna. Fig 5(a)
illustrates the gain at 1.5 GHz, Fig 5(b) describes the gain
at 2.2 GHz, and Fig. 5(c) describes the gain performance
at 3.8GHz. Especially there is a considerable improvement
in the antenna's gain from its initial measurement of 2 dBi
to a high of 4.6 dBi. This enhancement highlights the
effectiveness of the suggested antenna in a variety of
frequency bands, highlighting its adaptability and
enhanced performance.

C. Radiation Pattern

An antenna’s electromagnetic energy distribution in
space is described by its radiation pattern. The emission
patterns at 1.5 GHz, 2.2 GHz, and 3.8 GHz of the
suggested antenna. it describes how the device transmits
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and receives electromagnetic waves at these particular
frequencies as depicted in Fig. 6.

-180

Fig. 6. Radiation pattern of the proposed antenna at 1.5 GHz, 2.2 GHz
and 3.8 GHz.
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The radiation pattern of the proposed antenna illustrates
the geographical distribution of energy radiated at 1.5 GHz
frequency. This pattern proves the coverage and directivity
of the antenna propagates electromagnetic waves in all
directions.

The radiation pattern changes when changes are made
to 2.2 GHz to correspond with the antenna’s characteristics
at this higher frequency. Changes in the pattern indicate
adjustments made to the antenna’s beam width, side lobes,
and radiation efficiency overall.

The radiation pattern further adjusts to the unique
properties of this frequency at 3.8 GHz. Understanding the
pattern at this frequency is essential to evaluate the
antenna's performance at high-frequency applications,
since several design factors such as height, length and
width of the antenna are involved.
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Fig. 7. represents the E-field and H-field of the proposed antenna: (a). E
Field of the main patch, (b). E Field of the ground and parasitic elemets,
(c). H Field of the main patch, (d). H Field of the ground.
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Fig. 8. Geometrical view of the proposed antenna.

D. Current Distribution

Fig. 7 gives the current distribution of the single patch
antenna. As seen in Fig. 8, this low-loss characteristic is
maintained for every port, confirming the antenna’s
reliable operation. In addition, the antenna has a

remarkable bandwidth of 500MHz in three different
frequency bands, which enhances its adaptability and
efficiency in a variety of operational situations. The S-
parameter plot of the antenna is depicted in Fig. 9,
providing important details about its performance
attributes. The suggested antenna is noteworthy for having
a very low reflection coefficient; it reaches —30 dB which
indicates very little signal loss.

The antenna is carefully crafted from FR4 (flame
retardant) material by choosing a dielectric constant of 4.4
with a loss tangent of 0.02 for maximum performance as
shown in the Fig. 10. Measuring 60 x 60 x 1.6 mm, its
proportions serve a variety of purposes, including LTE,
Wi-Fi, INSAT, GPS (global positioning system), and
vehicular communication. Across a range of
communication and navigation systems, this thoughtful
design guarantees adaptability and efficiency.

E.  Envelope Correlation Coefficient (ECC)

The envelope correlation coefficient of 0.01 is measured
during testing to assess amplitude changes across the four
ports of the proposed antenna, which is shown in Fig. 11.
This indicates that there are no connections between the
amplitude fluctuations at each port of the antenna,
indicating effective spatial diversity and pointing to the
possibility of better MIMO system performance.

F. Diversity Gain

The relationship between a MIMO antenna system’s
diversity gain and its envelope correlation coefficient
(ECC) value is often inverse. According to the
observations from Fig. 12, the suggested MIMO antenna
has a notable diversity gain of 10. This demonstrates how
using several channels or pathways inside the antenna
system may effectively increase reliability and
performance, especially in demanding communication
scenarios.
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Fig. 9. The S-parameter of the proposed antenna.
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G. Antenna Installed on the Car’s Roof

The suggested antenna is positioned on the car's roof in
amanner that, as depicted in Fig. 13, results in an electrical
size significantly larger than the antenna’s physical
dimensions. The analysis also takes into account situations
in which the antenna is fixed to the vehicle’s front bumper.
The simulations to assess the antenna’s performance in
different locations are meticulously conducted using the
ANSYS HFSS 2019 R2 version.
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Fig. 11. ECC value of the proposed antenna.
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Fig. 12. Diversity gains plot of the proposed antenna.

(b)
Fig. 13. Antenna installed on the roof of the car: (a). Using a single
element, (b) Using a MIMO arrangement.

H. Comparison of Simulated Proposed with Existing
different Antennas

Table III presents a comparative analysis between the
proposed antenna at different stages. Table IV presents a
comparative analysis between the proposed antenna and
existing works. After mounting the suggested antenna on
the vehicle’s roof, the measured gain was 4.6 dBi. In
addition, the antenna’s remarkable 80% radiation
efficiency was noted, confirming its efficiency once it was
mounted on the car’s roof (see Fig. 14).
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Fig. 14. Measured gain of MIMO antenna against frequency.
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TABLE III. COMPARISON OF THE PROPOSED ANTENNA AT DIFFERENT STAGES

8.96

941

Parameter Iteration wise S11 (dB) VSWR Bandwidth (MHz) Gain (dB) Efficiency (%)

Stage-1 -18 1.07 100 32 60

Stage-2 —23 1.08 110 1.1 70.2

Stage-3 —24 1.05 50,120 2.2,1.1 72

Stage-4 -25 1.1 100, 110, 200 3,1.1,2.2 73

Stage-5 —23 1.2 100, 110, 200 3.2,1.1,2,2 75

Stage-6 —35 1.1 100, 110, 500 3.2,1.13,4.6 87

TABLE IV. COMPARISON OF PROPOSED ANTENNA WITH OTHER ANTENNAS

Ref . . Substrate Operating . .
No. Patch Dimensions Material Frequency Gain Efficiency
[23] 15.5 x 18 x 1.6 mm’® FR4 2.41 GHz 0.72 dBi 78%
[24] 26 x 34 x 0.8 mm’® FR4 2.5-10.7 GHz 4.3 dBi 80%
[25] 28 x 31 x 0.8 mm® FR4 4.7-10 GHz 1.7-4.2 dBi 60%
[26] 70 x 70 x 0.8mm® FR4 1.2 GHz 2.5 dBi -
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27] 50 x 17 x 0.8 mm’ CS';:?’;OI L5, 2,é.§,zs &7 2 dBi 70%
Propos 1.5/ 2.6/3.7/4/
' 5/2.6/3. , .
weoc:k 60 x 60 x 1.6 mm FR4 23782187 CHa 4.6 dBi 87%
V. CONCLUSION
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The proposed antenna design constitutes a triple-band
decagon-shaped antenna suitable for applications such as
GPS (Global Positioning System), LTE, Wi-Fi, and
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appropriate conditions
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