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Abstract: This article presents a printed antenna, designed with a fractal-shaped patch with
fish-tail structured outer edges, a tapered feedline, and a rectangular notch-based defected
partial ground structure (DPGS). The presented design has been printed on a FR-4 substrate,
which has a dielectric constant of 4.4 and a loss tangent of 0.035. The overall dimension of
the proposed antenna is 24 x 40 x 1.6 mm?. The proposed fractal antenna achieved dual
broad-band functionality by maintaining the compact size of the radiator. The designed
fractal radiator can operate at three distinct resonant frequencies (3.22, 7.64, and 9.41 GHz),
covering two distinct frequency bands, extending from 2.5 to 4.2 GHz and 7 to 9.8 GHz. A
thorough parametric analysis has been carried out using CST Studio suite 2019 licensed
version to achieve better performance in terms of S1; (dB), radiation efficiency, and gain
over the operating frequency range. The operating bands fall within the S, C, and X bands
to support sub-6GHz 5G and Radar applications at the microwave frequency range.

Keywords: broad bandwidth; CST Studio Suite; dual-band; fractal antenna; sub-6GHz 5G;
X-band radar

1. Introduction

There is a growing need for portable terminals that can operate in a variety of fre-
quency bands due to the rapid advancement of wireless communication technologies. In
the restricted space of mobile terminals, it is still a significant challenge to incorporate
many internal antennas. Due to their capacity to operate in multiple bands, multiband
antennas are promising candidates for mobile terminals that offer a variety of wireless
communication services. Researchers have undertaken numerous noteworthy endeavours
over the past few years to create multiband antennas for a variety of microwave frequency
applications. The Institute of Electrical and Electronics Engineers (IEEE) has designated
different microwave bands, such as L, S, C, and X-bands, etc., to support a variety of
wireless communication applications, such as satellite communications, radar systems,
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certain Wi-Fi devices, certain surveillance systems, and terrestrial broadband communica-
tion. As far as wireless communication systems are concerned, an antenna is important for
establishing efficient communication links. For applications such as spaceborne systems
and radar or satellite systems, microstrip antennas are the most suitable due to their small
size, lightweight, cost-effectiveness, and ease of fabrication.

Fractal shapes are rapidly becoming an intriguing subject in the field of electromagnetic
(EM) technology. Conventional patch antennas can reduce their overall size by increasing
the electrical length through the use of fractal geometries. Additionally, the self-similarity of
fractal shapes makes them exceptional for achieving multiband or broadband capabilities.
In the field of electromagnetic (EM) technology, fractal shapes are receiving a high level of
interest in antenna miniaturization applications. Fractal geometries can reduce the overall
size of resonant structures by increasing the electrical length of conventional antennas.
An array of small elements can have various benefits, such as lowering mutual coupling,
allowing little space between elements, and higher angular stability. The benefits mentioned
above have led to a significant interest in fractal antenna studies today. Using advanced
design methods, such as arranging slits and slots and adding defective ground structure
(DGS) to the fractal design, can make the fractal antenna work better by keeping the gain
constant, blocking unwanted radiation, matching the impedance, being small, and having
a high radiation efficiency.

Over the last few decades, many researchers have proposed various fractal antenna
configurations to support various categories of wireless applications, including 5G systems.
Werner et al. [1] reported that fractal-shaped designs can enhance an antenna’s bandwidth.
In [2], the authors reported a fractal-based spherical antenna geometry for mm-wave
applications. Furthermore, the authors proposed a printed leaf-shaped [3] antenna for
improved performance in ground-penetrating radar (GPR) applications. In ref. [4], a fork-
shaped antenna for WLAN/Wi-MAX applications was proposed. The cauliflower-shaped
antenna exhibited better performance for multi-band operation [5]. Yadav et al. [6] built
and simulated a parasitic patch with trident shape on ground plane for S/C/X applications.
A 5G rotating frame radiator with a rotated square fractal structure as a patch fed by a
microstrip feed line was proposed in ref. [7]. Numerous innovative fractal geometries,
including Vicsek [8], Sierpinski hexagonal shape [9], hexagonal Koch [10], pentagonal
shape [11], butterfly-wing shape [12], and the plus-shaped fractal-like elements [13], etc.,
were proposed and examined with different ground structures for a range of antenna
performance metrics, including gain, decent reflection coefficient, radiation efficiency, and
reduction of interference of undesired radiation pattern. Furthermore, the authors reported
a Hilbert curve fractal antenna for numerous wireless systems [14], a Cantor fractal radiator
for IOT applications [15], and vehicular applications [16]. For UWB applications, different
fractal geometries were used, including the circular fractals [17,18]. Furthermore, Cantor
sets fractal [19] and slot antenna [20] helps in enhancing the performance of the antenna.
Refs. [21-24] show the compact novel fractal monopole antennas with better performance,
but they lack the detailed analysis of radiation patterns and low concentration on multi-
band operation. Patel et al. [25] proposed an SRR-based, crossed-flower-shaped fractal
antenna that utilizes a defective ground structure to achieve dual bands for satellite and 5G
communications. The crossed flower-shaped antenna operates within the frequency ranges
of 4.01-4.82 and 7.6-7.94 with peak gains of 1.5 and 2.05, respectively. Palanisamy et al. [26]
proposed a fractal antenna for both S and C bands with a compact size of 27.84 x 23.25 mm?.
To achieve a broad bandwidth of 4.2 GHz with 6.8 dBi of peak gain in the X-band, Rabie
et al. [27] have proposed another fractal antenna with a compact size of 19.7 x 23 mm?.
A high gain is achieved using a Koch fractal FSS-based antenna that is proposed by Atul
etal. [28] for S, C, sub-6 GHz, and X-band applications with a size of 35.94 x 38.97 mm?.
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Parchin et al. [29] proposed a dual-band antenna using a partial ground structure for RFID
applications. In this research work, we propose a unique circular fractal monopole antenna
with a defective ground structure that resonates at three distinct resonant frequencies (3.22,
7.64, and 9.41 GHz) encompassing two unique frequency bands, extending from 2.5 to
4.2 GHz and 7 to 9.8 GHz. The operating bands fall within the S, C, and X bands to support
sub-6GHz 5G and radar applications at the microwave frequency range.

The main salient features of this proposed fractal radiator are as follows

i. It provides dual broad bands with triple distinct resonant frequencies in the S, C,
and X bands.

ii. Its structure is a novel one with a compact size.

iii. The antenna is validated with an equivalent circuit diagram.

iv. It performs with acceptable radiation efficiency at the corresponding resonant
frequencies.

v. The antenna prototype is verified with measurements.

vi. The proposed fractal antenna achieved dual broad-band functionality by maintain-

ing a compact volume (24 mm x 40 mm x 1.6 mm).

2. Design Framework

Figure 1 shows the design framework of the propounded fractal radiator in the form
of a flowchart representation. The design framework model outlines the entire design exe-
cution of the prescribed antenna, starting with the design goal, materials selection, design
specifications, design evolution steps, simulation analysis, equivalent circuit modeling,
prototype realization, and experimental validation. A vector network analyzer is used
to experimentally test the S-parameter, while radiation parameters are measured in an
anechoic chamber by placing a reference antenna and the antenna under test.

Start

|

[ Decide Research objective with intended Applications |

U

Substrate selection and primary design specifications of the
antenna

l

Design initialization with a basic circular patch antenna and
implementation of different fractal design iterations using CST Tool

|

Simulation study of the suggested Fractal antenna to achieve
| Simulations repeated desired characteristics and ECM Analysis

ﬂ Intended performance parameters (bandwidth, impedance
Mol matching, gain, radiation efficiency, and radiation patterns) are
—_— achieved

————YES

Fractal antenna prototype fabrication and experimental validation

|

Analyze and compare both simulation and experimental results

{

Stop

Figure 1. Design framework flowchart of the fractal antenna.
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3. Prescribed Antenna Configuration

Fractal structures are complex geometrical shapes that exhibit self-similarity across
different scales. This property makes fractals look intricate to achieve better performance.
The inscribed fractal antenna design contains a circular radiating patch with slits and
slots, as portrayed in Figure 2. The outer edge of the antenna resembles the shape of
fish tails. The ground plane is partially used with a rectangular notch in the middle of
it. The antenna’s front and back views with its dimensions are illustrated in Figure 2a,b,
respectively. The projected view of the antenna’s patch with geometrical attributes is
displayed in Figure 3. The intended antenna, fabricated with FR-4 substrate measures an
overall compact dimension of 24 x 40 x 1.6 mm?. The dimensions of the finalized design
attributes are outlined in Table 1.

ws
< > 00
A
Ls
v
(a) (b)
Figure 2. Proposed antenna: (a) front and (b) back views.
Table 1. Dimensions of the proposed antenna.
Parameter Dimension (mm) Parameter Dimension (mm)
Ws 28 a 2.5
Ls 40 b 4.6
Wi 2.95 C 3
Wif1 14 d 1.6
Lf 14.6 e 2
Lg 13.3 f 4.8
Sw 2 g 0.5
S1 4 h 0.6
r 9.6 i 0.3
rl 4.8 j 1.6

k 1.0
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Figure 3. Projected view of the radiating patch symbolizing design parameters.

4. Iteration Procedure for Achieving the Final Design

The design process of the suggested radiator starts with designing a basic circular
patch (Figure 4a), then fish tail-shaped structures are immediately appended around the
circular patch (see Figure 4b). In Figure 4c, a circular slot is etched from the center of the
patch to improve EM (Electromagnetic) radiation. A star shape is appended at the middle
of the complementary circular-shaped patch, as shown in Figure 4d, and complementary
circle-shaped slots with different dimensions are immediately appended around the star-
shaped metallic part and the bases of the fish-tail shaped parts, as shown in Figure 4e,f
to improve the performance of the proposed antenna. Finally, a complementary S-shape
logo slot (Figure 4g) is inserted on the star shape to achieve the final design with better
performance characteristics.

Figure 5 reflects the values of the obtained S;; (dB) for the corresponding iterations. It
can be noted that the proposed fractal radiator operates at three distinct resonant frequen-
cies (3.22, 7.64, and 9.41 GHz), covering two independent frequency bands, ranging from
2.5 to 4.2 GHz and 7 to 9.8 GHz. The S;; magnitude at 3.22 GHz is —20.81 dB, 7.64 GHz is
—35.27 dB, and 9.41 GHz is —21.92 dB.
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(8)

Figure 4. (a—g) Different iteration steps for designing the intended antenna.
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Figure 5. S11 (dB) values for each iteration step.

5. Parametric Analysis for Achieving the Final Design

In this section, the effects of different ground plane structures, various design parame-
ters, and dielectric materials are investigated to obtain and retain the intended geometry of
the fractal antenna with optimal performance.

5.1. Effect of Various Ground Plane Structures on the Performance of the Proposed Antenna

The geometry of the intended fractal patch has been finalized using different iteration
steps, as presented in Figure 4a—g. The designed fractal patch has been placed on three
different ground plane structures such as FGPS (Full ground plane structure), PGPS (Partial
ground plane structure), and DPGS (Defected partial ground structure) to observe their
impacts on the performance of the antenna. The various ground plane configurations are
demonstrated in Figure 6. The important characteristics parameters, such as reflection
coefficient (S11), gain, and radiation efficiency, are analyzed for these three ground plane
geometries. The variations in S11 (dB) are represented in Figure 7. It can be noted that dual
narrow resonant frequencies can be achieved with a full conductive ground layer. When
the ground plane has been changed to a partial configuration, a slight improvement in
bandwidth is observed. Finally, due to the addition of a rectangular defect in the partial
ground plane (DPGS), better performance in terms of S;; and bandwidth (indicated with
red colored spectrum) is achieved, as shown in Figure 7. Similarly, the proposed antenna
with DPGS offers much-improved gain and radiation efficiency compared to the antenna
structures designed with FGPS and PGPS, as shown in Figures 8 and 9, respectively.
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(a) (b)

(c)

Figure 6. Various ground plane configurations: (a) FGPS (Full ground plane structure), (b) PGPS
(Partial ground plane structure), (c) DPGS (Defected partial ground structure).
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Figure 7. Variations in S1; parameters for various ground plane structures.
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Frequency(GHz)

Figure 8. Variations in gain for various ground plane structures.

100 T T T T T T T T

Radiation Efficiency(%)

Frequency(GHz)

Figure 9. Variations in radiation efficiency for various ground plane structures.

5.2. Effect of Various Parameters of Defected Partial Ground Structure (DPGS)

The defected partial ground plane’s structural attributes are also analyzed to extract
better characteristic parameters from the antenna. The changes in reflection coefficients
(511 (dB)) due to variance in the length of the ground (lg) parameter are showcased in
Figure 10. The parameter lg has been tuned from 13.1 mm to 13.7 mm with a step size of
0.2 mm. It is clearly evident that the best performance is attained at the ground length
of 13.3 mm. Similarly, the optimal dimensions of the rectangular ground plane slot are
justified through parametric finalization. S,, presents the width of the ground slot, while its
length is represented by S;. The S,y parameter has been varied with a step of 2 mm (2 mm
to 6 mm) and Sj is varied from 1 mm to 3 mm with a difference of 1 mm. As a result of
these variations, the corresponding S;; (dB) responses are plotted in Figures 11 and 12,
respectively. It is worth noting that optimal performance is achieved by keeping a slot of
4 mm width (Sy) and a slot of 2 mm length (5;) at the ground plane.



Fractal Fract. 2025, 9, 29 10 of 19

-5
10 4

1454 — —

§11(dB)

204 — —— — —

254 — 1 _ T

304 — —

354 — —

N+

Frequency (GHz)
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Figure 11. Simulated analysis of S11 (dB) response as a function of Sy,.
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Figure 12. Simulated analysis of S11 (dB) response as a function of S;.
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5.3. Effect of Various Dielectric Materials

Three different dielectric materials are inspected to test their impact on the antenna’s
performance. The investigations have been carried out using the CST studio. The variations
in resonance characteristics (reflection coefficients vs frequency) due to the placement of
Rogers RT 5880, Polyimide, and FR-4 dielectric materials are highlighted in Figure 13. It
is a fact that a better performance in terms of better impedance matching and broader
bandwidths at dual operating bands with three separate resonating frequencies is obtained
for FR-4 material, which is marked with a red-colored representation in Figure 13.

S14(dB)

Frequency (GHz)

Figure 13. S;; (dB) response of the proposed antenna for different dielectric materials.

6. Prototype Fabrication and Validation Through Results Analysis

The proposed antenna has been successfully fabricated using photo etching to attain
high prototyping accuracy. The fabricated fractal prototype is shown in Figure 14. The
prototype’s S-parameter is measured using a calibrated combinational vector network
analyzer (Anritsu MSC2037C) as displayed in Figure 15a and radiation characteristics are
tested in an anechoic chamber, placing the proposed antenna as antenna under test (AUT)
concerning a reference horn antenna, as shown in Figure 15b. The radiation patterns are
measured with an automated software-driven rotating table mechanism to record the data
at each radiating angle.

N
A

8 j—
o

() (b)

Figure 14. Fabricated Prototype: (a) Front view, (b) Back view.
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(a) (b)

Figure 15. Images of the measuring setup of the proposed antenna: (a) VNA snapshot, (b) anechoic
chamber with AUT.

Figure 16 shows the functioning of the propounded antenna at three different resonant
frequencies with dual broad operating bandwidths. The testified prototype delivers results
in good agreement with the simulation outcomes. As per simulation, the antenna operates
across three distinct frequencies, namely 3.22, 7.64, and 9.41 GHz, with S;; magnitudes
of —20.81, —35.27, and —21.92 dB, respectively. The measurement results also verify the
presence of the same resonant frequencies across the operating bands. As per measurements,
the S1; magnitude at 3.23 GHz is —18.20 dB, at 7.65 GHz is —25.03 dB, and finally, at
9.43 GHz, it equals —16.85 dB. The three-dimensional (3D) patterns, generated from the
CST tool are shown in Figure 17. Furthermore, the simulated co- and cross-polar views in
both E and H planes are verified with experimental results and presented in Figure 18a—f.

0 x —— Simulated
. 1 M — — Measured
i \ /-\ f=9.43 &p,,=-16.85
10 A » '} /
\\ 4 . N\
15 \ I/ W

Sq1 (dB)

AERYA
L \\%'fr-3.23&s11--18.20\\/ \

|/
o5l 1=32228S,,=2081 ‘
£=9.418&5,,=-21.92

f=7.65& S,,=-25.03 41
-30
.35 f=764&S r-'%"'s 77’
2 4 6 8 10
Frequency (GHz)

Figure 16. Simulated and measured results obtained for Sy1.
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Figure 17. Gains at the corresponding resonating frequencies of (a) 3.22 GHz, (b) 7.64 GHz, and
(c) 9.41 GHz.
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Figure 18. Co-pol and cross-pol radiation patterns: (a) 3.22 GHz E-Plane, (b) 3.22 GHz H-plane,
(c) 7.64 GHz E-Plane, (d) 7.64 GHz H-Plane, (e) 9.41 GHz E-Plane, and (f) 9.41 GHz H-Plane.
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Figure 19 depicts the gain graph, demonstrating its linear increment with the rise in its
operating frequencies. It can be noted that at 9.4 GHz frequency (higher operating band), a
maximum gain of 5.35 dBi is outlined. Radiation efficiency is also an important metric in
determining antenna performance. As observed from Figure 20, the proposed antenna has
obtained a peak efficiency of 98% over the operating frequency band and maintains above
85% radiation efficiency over the complete performing band. The current distributions at
three resonant frequencies are demonstrated in Figure 21. It clearly shows that at 3.2 GHz
frequency, a maximum amount of current can be formed on the feed line, while at 7.6 and
9.4 GHz frequencies, a maximum current is formed at the entire circular typed ring and
the feedline.

6
I il
e ™ ]
5 /'_,4"
o=’
rd
Z’
4 .

Gain(dBi)

"ﬂ
/'
i — Simulated

4
" = =|= Measured

1 2 3 4 5 6 7 8 9 10
Frequency(GHz)

Figure 19. Representation of Gain vs Frequency plot using both measurement and simulation results.
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Figure 20. Radiation efficiency plot obtained using both measurement and simulation.
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Figure 21. Plots of distributed Surface currents at resonating frequencies (a) 3.2 GHz (b) 7.6 GHz
(c) 9.4 GHz.

7. Equivalent Circuit Discussion

The equivalent circuit modeling (ECM) of an antenna is another method for testing
the antenna’s performance. An ideal method for modelling the ECM of any antenna,
including dipoles and monopoles, is the Foster canonical form [30-33]. The Foster canonical
form approach uses a parallel R-L-C combination to produce a wide range of resonant
frequencies. Figure 22 illustrates the estimation of the proposed antenna using passive
elements, followed by the implementation of the complete antenna structure in the ADS
tool. A 50-ohm impedance is connected to the RF feed of the antenna to ensure appropriate
impedance matching; this is necessary to generate the exact S-parameter response, as
shown in Figure 23. We employ two parallel RLC (PRLC) combinations to achieve the
desired return loss (S;11) response. The (L2-C1) combination represents the ground layer
of the proposed antenna, with an inductor (L2) representing the conductive layer and a
capacitor (C1) representing the gap in the ground layer. The tuning feature of the ADS
tool is used to obtain optimized values for all R, L, and C components shown in Figure 22.
We configure the start and end frequencies of the ADS tool simulation to be 0 GHz and
10 GHz, respectively, with a step size of 10 MHz. Figure 23 shows that the X-axis defines
the frequency range while the Y-axis selects the S1; (dB). The responses of Sy (dB) obtained
from the CST and ADS tools are nearly identical.
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Figure 23. Comparison of the Reflection coefficient in CST and ADS.

8. Comparative Analysis

The prescribed fractal antenna and other mentioned antennas are compared in terms
of various characteristics, illustrated in Table 2. The suggested fractal antenna highlights
considerable performance parameters concerning gain and operational bandwidth by

maintaining compactness, novel design, and low fabrication cost.
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Table 2. Comparative analysis with the existing literature survey.
Antenna Type of . Resonating .
Ref. No Overall Size Substrate Oper(a(t;;lli)Band Frequencies (Gdaéf)l
(mm?) Material (GHz)
[3] 38.31 x 34.52 x 0.8 FR-4 2.68-11.28 NM 2-5
[5] 36.23 x 41 x 1.524 RO-4350B 3.05-10.96 NM 1.39-5.68
3.6 2.78
[8] 50 x 50 x 1.6 FR-4 2.48-6.7 53 530
1.7 1.79
49 3.07
[13] 27 x 50 x 1.6 FR-4 1462:213’28 5.7 2.25
- 74 5.05
8.1 32
3.17
5.82
[17] 40 x 245 x 1.6 FR-4 2.70-11.0 7 86 1.7-6.25
9.16
2.8
2.26-4.10 3.51
[18] 40 x 34 x 1.6 FR-4 6.0-9.82 6.53 2.1-9.37
9.37
3.71 32
[19] 31 x 28 x 1.6 FR-4 3.22-6.5 59 415
1.57 1.355
2.45 3.93
[20] 56 x 44 x 0.8 NM NM 35 3502
52 4.486
[21] 42 x 32 x 1.57 RT Duriod 5880 7.95-12.64 NM 5.71
[22] 143.5 x 227.5 x 1.6 FR-4 0.5-5.5 NM 1.1-2.6
1.595-1.958 1.8, 1.25
[23] 5050 > 1.6 FR-4 3.164-3.55 35 2.09
2.2-2.6 24 2
[29] 38 x 45 x 1.6 FR-4 5368 58 1
3.22 2.45
Pr&%‘zied 28 x 40 x 1.6 FR-4 2%5_‘9452 7.64 5.04
' 9.41 5.35

NM = Not Mentioned.

9. Conclusions

A novel triple-band fractal monopole antenna with a modified partial ground structure

(PGS) is designed, analyzed, and experimentally tested. It exhibits exceptional performance
in the S, C, and X bands. The designed fractal radiator can operate at three distinct resonant
frequencies (3.22, 7.64, and 9.41 GHz), covering two unique frequency bands, extending
from 2.5 to 4.2 GHz and 7 to 9.8 GHz. The overall performance of the antenna is analyzed,
which shows that it is more effective and reliable because of its radiation efficiency of 98%

along with a peak gain of 5.35 dBi. The proposed compact radiator possesses reasonable
gain and dual broad operational bandwidth. The suggested fractal radiator is a fruitful
choice for sub-6GHz 5G and X-band radar applications.
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