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ABSTRACT

This paper introduces a Koch fractal octagonal antenna designed for the ultra wideband (UWB) frequency range.
The utilization of the Koch fractal in the antenna design contributes to size reduction and provides compactness
in the antenna for UWB. Additionally, it has been noted that the Koch fractal offers wideband operation. The
antenna employs copper as the conductor material and Flame Retardant-4 (FR-4) serves as the substrate. The
substrate has a dielectric constant er =4.4, a loss tangent tand=0.02 and a thickness (h) of 1.6 mm. The overall
antenna’s dimensions are 34.3 x 26.5 x 1.6 and its electrical dimensions are 0.6840 x 0.5310 x 0.0320. It
achieves a maximum gain of 8.94 dBi at a frequency of 12.25 GHz, offering a broad bandwidth ranging from 2
GHz to 12.1 GHz. This antenna exhibits resonance at three distinct frequencies; namely, 3.3 GHz, 6 GHz and 8.6
GHz, making it highly efficient with an overall efficiency of 96.8%. The time-domain characteristic of the antenna
is acceptable for UWB, group delay is 1.1 ns, the proposed antenna has a high-fidelity factor of 90.2 and the
correlation coefficient is 0.9, which makes the antenna a good candidate for UWB. Due to its performance
characteristics, this proposed antenna is wellsuited for short-range wireless personal area networks (WPANS),
supporting high-data-rate applications, like Bluetooth and wireless USB and Wireless Body Area Network
(WBAN) applications. Its proficiency also extends to industrial settings, where it helps with precision in control
systems, asset tracking and short-range sensing and radar systems.
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1. INTRODUCTION

In the modern era, ultra-wideband antennas encounter many challenges, such as miniaturization, cost-
effectiveness, small size, mechanical robustness, attaining high-performance characteristics, like good
gain and large bandwidth to accommodate wireless security and wireless data. Due to the need for
overcoming these issues, developing a UWB antenna for wireless communication is complex in the
operational bandwidth of 3.1-10.6 GHz as per FCC [1]-[2].

The abovestated limitations of UWB antenna, can be resolved by using fractal geometry. Fractal UWB
antennas can be leveraged in loT for data transmission and reception, sensing, location identification
and positioning. In UWB antenna design, the main focus is on compactness, miniaturization and wide
bandwidth and the design should be direction-independent.

Therefore, the properties of self-similarity and space-filling make fractal geometry a good candidate for
UWB antenna design [3], because fractal geometry leads to an enhancement in the antenna’s
performance. From the previous research done by many researchers [4][5][6], it’s known that fractal
main sub-classes are mass and boundary. Mass fractal is used for wideband multiband applications.
There are so many fractal structures, like Koch, Hilbert, Minkowski, Peano and Sierpinski [4] for
reducing the size of the antenna, miniaturization and wideband. Asymmetrical shape and curvature in
the geometry of fractals bring the eyes of researchers as well as industries. It is marked that the
miniaturization process is easily done with the help of fractal geometry because of the self-similarity
characteristics and a feature that fills space [7]-[8]. Fractal geometries resembling Koch snowflake
[71[8][9], Minkowski [10]-[11] and Sierpinski triangles [4][7][12], are studied for UWB antenna design.
For generation, multiband Koch fractal is used in [16] and in [17], the Koch fractal iteration is used for
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the generation of the WLAN frequency. Tapered tree-shaped fractals for wireless applications in [19]-
[20] are used for UWB. In [22], fractal ring resonator is used and in [23], fractal geometry is used for
compactness for UWB applications. There are different types of UWB antennas reported recently [24]
that use a DGS technique for achieving super wide band, [25] uses a transparent antenna implanted on
a solar-cell substrate and achieves super wideband. In [26], a stingray-shaped antenna is introduced and
the CPW technique is used, where the peak gain of the antenna is 3.5 dBi. There are various antennas
reported [27][28][29] that use DGS and CPW techniques to achieve the UWB bandwidth. [30]
introduces a metasurface-based MIMO antenna, in this antenna, the isolation is enhanced by using the
shorting pin and slot. The diversity gain is 9.99 dB.

It is observed that because of discontinuities and curves existing in the fractal antenna, the
electromagnetic radiation is very proficient. Discontinuities and curves provide alteration in the current
path, because of which the antenna properties improve, especially radiation [5]. The conception that the
Koch fractal geometry would yield a UWB outcome is based on these inherent properties of fractal
structures, like multiband properties, miniaturization and space-filling, as well as enhanced bandwidth,
improved radiation characteristics and frequency-independent properties researchers and antenna
designers have explored various fractal geometries due to their unique characteristics, such as multiband
operation, compact size and broadband capabilities, which align well with the requirements of UWB
systems. This understanding, combined with simulations and empirical studies, likely led to the
exploration and adoption of the Koch fractal structure for UWB-antenna applications.

The Koch fractal is very popular among researchers, but it also has some limitations, such as the Koch
fractal structure’s intricate geometry creating several challenges during the design and production
stages. This is especially true when trying to achieve exact dimensions and iterations, especially when
producing large quantities of the structure. Although fractal antennas have wideband capabilities, the
Koch fractal has bandwidth limitations, making it difficult to attain wide frequency coverage without
sacrificing other crucial antenna characteristics. Furthermore, matching the antenna’s impedance to the
system’s impedance across its operating bandwidth is extremely difficult due to the complicated network
of resonances and erratic patterns inherent in the Koch fractal structure. The more fractal iterations there
are, the harder it is to shape the radiation pattern, which makes the directivity and radiation of the antenna
less predictable. The proposed antenna has used the microstrip line for better performance. There are
various ways to feed the antenna, one of which is CPW. CPW reduces the overall size of the antenna,
but the reasons for choosing the microstrip feed line instead of CPW are various advantages of the
microstrip line and the proposed design requirements, which can be stated as follows:

i.  Microstrip lines are easier and cheaper to fabricate using standard printed circuit board (PCB)
manufacturing processes. This simplicity in fabrication makes them more cost-effective and
practical for mass production.

ii.  Microstrip lines are easily integrated into standard PCB technologies, making them highly
suitable for miniaturized and integrated designs.

iii.  In some cases, microstrip lines can exhibit lower dispersion compared to CPW. This
characteristic is beneficial in maintaining signal integrity at higher frequencies. Microstrip lines
allow for simpler integration of other passive and active components on the same substrate,
facilitating a more compact and integrated antenna system.

Following a comprehensive literature review, some limitations were identified, which can be
summarized as follows:

i.  Compliance with FCC regulations is a primary concern for ultra-wideband (UWB) technology.
The UWB frequency range, typically spanning from 3.1 to 10.6 GHz in the United States, poses
a considerable challenge in antenna design due to the need for effective operation across this
wide frequency spectrum while managing issues related to size and performance.

ii.  The substantial bandwidth of UWB signals necessitates antennas that can efficiently cover this
extensive frequency range while maintaining consistent impedance matching.

iii.  To maximize both the range and quality of UWB signals, antennas must consistently maintain
a high level of radiation efficiency and a high gain.
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The contributions of this paper are outlined as follows:

i.  Because of their self-similar structure, Koch fractal antennas may function across a range of
frequencies, enabling multiband operation without requiring significant changes to the
antenna’s design. This antenna exhibits resonance at three distinct frequencies; namely, 3.3
GHz, 6 GHz and 8.6 GHz.

ii.  As per FCC, the bandwidth of the UWB antenna should be from 3.1 GHz to 10.6 GHz. The
proposed antenna bandwidth spans between 2 GHz and 12.1 GHz, which covers the UWB range.

iii.  To optimize the range and quality of ultra-wideband (UWB) signals, antennas need to
consistently uphold a superior level of radiation efficiency and a high gain. With the proposed
antenna boasting a peak gain of 8.94 dBi and an efficiency of 96.8%, these attributes
significantly bolster its position as a formidable candidate for the UWB frequency band.

iv.  The achieved three distinct resonance frequencies; namely, 3.3 GHz, 6 GHz and 8.6 GHz, are
used in many different technological fields, including sensing, communication, radar systems
and industrial applications and they take advantage of the special qualities that these frequency
bands have to offer. Starting with the 3.3 GHz, within the microwave frequencies, these
antennas power high-speed data transfers in 5G networks, enabling applications, like HD video
streaming and swift mobile communication. The 6 GHz band, a cornerstone of Wi-Fi 6E, fuels
seamless, high-speed connections in dense areas, such as stadiums and urban zones. Meanwhile,
the 8.6 GHz frequency, part of the millimeter-wave spectrum, drives specialized high-speed,
short-range communications, like WPAN and WBAN, as well as industrial, scientific and
research applications. Together, these frequencies in ultraband antennas cater to a wide range
of communication needs, balancing data rates, range and specific application requirements,
thereby helping with precision in control systems, asset tracking and short-range sensing.

This paper starts by presenting an “introduction” that discusses fractal design concepts and challenges,
followed by Sections 2 and 3 finalizing the Koch fractal design approach for fabrication. Patch-antenna
design is carried out by a parametric study of the proposed UWB antenna. In Section 4, result analysis
is conducted, followed in Section 5 by time domain analysis. Comparison with other reviewed references
is shown in Section 6. This is followed by a “Conclusion”, post-analysis of results and outcomes and
suggestions for future work.

2. ANTENNA DESIGN APPROACH AND THEORY

The UWB antenna under consideration is constructed by implementing Koch fractal geometry along the
edges of an octagonal shape. This antenna design represents a fusion of fractal geometries and
conventional antenna technology. In fractal geometry, various segments are in different scales that come
up again and again. Dimension and length [13] are derived using the following formulae:

_ log(V)
b= log(r) (1)

N n
L=h(3) @

where, N= number of segments of geometry, h =length of curve, n = iteration number, r = number of
segments divided by each iteration.

The algorithm of the iterative function system (IFS) is used to create the Koch fractal geometries. IFS
is a very effective and useful method for generating any kind of fractal geometries. Translation, scaling
and rotation are a few of the transformations used by IFS [10]. These changes are expressed as follows:

1 -1,
;i] _ gcos@ f sinf [;] N []ec] @)

w
[ -sin@ =cosf
T S

where, scaling factor = r and s along the x and y axes, rotation angle=0 in the x-y plane and linear
translations = e and f in the x axis and y axis, respectively.

Koch curve linear transformation matrices using IFS [14] are defined as follows:
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where P is the all-coordinate point, which is generally used for fractal geometry in each segment. The
first iteration of the Koch fractal divides the initial length into three equal segments and then, two equal
segments are substituted for the middle segment, as depicted in Figure 1. The Koch fractal curve is
generated by the repetition of each iteration on each and every segment.

Further, this Koch fractal is introduced in the substrate at the edge of the octagonal structure. Figure 2.
depicts the center Koch fractal which is the subtraction at the center of the octagonal structure of the
antenna. Step-wise structure evaluation is depicted in Figure 3.

R/3,
R R/3 R/9

Figure 1. Generation of Koch fractal. Figure 2. Centre Koch fractal.

(a) (b)
(©) (d)
Figure 3. Koch fractal in octagonal geometry (a) Octagonal initiator, (b) First iteration, (c)
Second iteration and (d) Third iteration.
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3. INVESTIGATION OF PROPOSED ANTENNA ACROSS DIFFERENT PARAMETERS

In this antenna design, the octagonal structure serves as the initiator, while the generator employs the
principles of the Koch fractal. The primary objectives include achieving compactness, miniaturization,
wide bandwidth and a direction-independent design. The octagonal structure gives two advantages (a)
in terms of area and circumferences, octagonal shape is close to a circular structure and (b) it’s easy to
apply fractals on the edge of the octagonal shape. This combination encourages the geometry’s bigger
circumference in miniature dimension in contrast to alternative geometries, such as hexagonal, elliptical,
circular geometries and so forth. Each segment is in charge of providing a resonant frequency; so, when
they come together, wideband behavior becomes apparent in design [15]. Also, the octagonal shape
provides a uniform radiation pattern across a wide frequency range and provides compactness to reduce
interference. In Figure 7(c), the comparison S parameter between the different diameters is shown. For
designing the proposed antenna, 6 is the beginning structure’s embarking on length R, where
convergence of fractal geometry is provided by 0. In this proposed antenna, 6=450, R=1.6 mm for the
edge of the octagonal iterative subtraction process and the center Koch S2 = 5 mm for the iterative
subtraction process. It is evident that iteration of the Koch fractal in the octagonal generates the wide
band and multiple resonant frequencies. Figure 4(a) depicts the progressive development stages of the
proposed Koch fractal octagonal UWB antenna. Figure 4(b) shows the top view of the proposed antenna
with measurement. Figure 4(c) depicts the bottom view of the proposed antenna with measurement.
Figure 4(d) depicts the antenna with the microstrip feed line. Figure 4(e) shows the antenna with tapered
feed.
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Figure 4(a) Progressive development stages of the proposed Koch fractal octagonal UWB antenna.
Figure 4(b) Top view of the proposed antenna with measurement. Figure 4(c) Bottom view of the
proposed antenna with measurement. Figure 4(d) Antenna with the micro-strip feed line. Figure 4(e)
Antenna with tapered feed.

The proposed antenna uses a defected ground and the main purpose of using DGS is its unique features.
The antenna’s resonance frequency may be impacted by DGS configurations. Multiband or broadband
capability can be achieved by introducing certain patterns or structures that alter the operating frequency
or create various resonance frequencies, which can assist in reducing losses, enhancing antenna
performance and decreasing surface wave propagation on the ground plane’s structures, improving the
isolation between antennas and the overall performance of an antenna array by reducing mutual coupling



63

"Koch Fractal Octagonal Antenna with a Compact Design and Defected Ground Structure (DGS) for Ultra-Wideband (UWB) Wireless
Usage," T. Kumari, A. N. Ghazali and A. Senapati.

between elements when utilized in arrays. Closely-spaced antenna structures can improve the isolation
between antennas and the overall performance of an array by reducing mutual coupling between
elements [24]. The proposed antenna used a step-wise structure which helps in improving isolation and
the overall performance. Figure 4(a) Step-1 is an antenna with no DGS and Step-2, Step-3 and Step-4
have come with DGS. The effect of DGS is shown in Figure 8(a).

The antenna design presented in this study is fine-tuned through optimization and its features are
examined using HFSS software, version 21. Antenna design and analysis are carried out on FR4
substrate. Rectangular substrate works best for the basic UWB antenna, where the reason behind
choosing the rectangular substrate is that it provides a wide band and good radiation property [16]. er
=4.4 is the dielectric constant of the substrate and 6=0.02 is the loss tangent of the substrate. The
parameters of the optimized Koch fractal octagonal antenna are displayed in Table 1.

Table 1. Parameters of optimized Kotch fractal octagonal UWB antenna.

Parameter |Dimension (mm) | Parameter [Dimension (mm)
Ls 34.3 Fw2 1.3
Wsg 26.5 G1 26.5
S2 5 G2 14.8
S3 7.6 G3 10.4
h 1.6 G4 3.06
F1 13.7 G5 9.4
FWwW1q 2.5 - -

With the help of the basic formula of antenna-patch design [2], the overall length and breadth of the
patch are calculated.

Effective Dielectric Constant:

-1

repy = L+ (1412507 (10)
Width of patch:
. 1 f 2 v [ 2
W - Zfrm Ert+1 - Zfr Ert+1 (11)

Effective length of patch:
(Eref+0.3)(3+0.264)

AL
T 0.412 (ereff—o.zss)(%w.s) (12)
Resonance frequency of Antenna:
_ 1 _ Vo
(ﬁ")OlO - ZL\/E_rm - 2L\E, (14)

The manufactured prototypes of the UWB antenna with a Koch fractal octagonal shape are produced
and their attributes are verified within an anechoic chamber employing a Vector Network Analyzer
(VNA). Figure 5 displays both the top and bottom views of the fabricated Koch fractal octagonal UWB
antenna.

Figure 5. Top and bottom view of fabricated Koch fractal octagonal UWB antenna.
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Figure 6. (a) Antenna under testing, (b) and (c) Antenna in anechoic chamber.

Following the fabrication process, the antenna design is subjected to laboratory testing, as illustrated in
Figure 6. (a) Antenna under testing, (b) and (c) Antenna in anechoic chamber.

A parametric study of the antenna under consideration is conducted, which provides detailed information
as well as the characteristics of the antenna. In ultrawide band antennas, geometrical and electrical
parameters are affected by the desired characteristics. The main parameters of UWB antennas are dielectric
constant of the used material (substrate), patch dimensions, feed gap, iteration geometric variation and
dimensions of ground plane.

Figure 8 provides a sequential breakdown of the assessment of the proposed antenna. Step 1 illustrates the
initial octagonal shape, Step 2 reveals the star Koch fractal subtraction in the center of the octagonal patch,
Step 3 showcases the first two iterations on the lower side of the antenna and Step 4 displays the subsequent
two iterations on the upper side of the recommended antenna. The ground plane for the proposed antenna
is structured in a stepped shape, with its dimensions specified in Table 1.

The feed of the antenna used in the proposed design is in a tapered shape, which provides good impedance
matching. From the literature survey, it is evident that for effective power transfer in the transmission line,
which transmits the signal from the transmitter and the antenna itself, impedance matching is essential in
antenna design. There are various ways that a tapered feed or tapered transmission line might help with
impedance matching in antennas. The impedance of the transmission line and the antenna might gradually
change in response to a tapering feed. The flow of power between the two is enhanced and reflections are
decreased by this slow transition. By guaranteeing a smooth impedance transition, a tapered feed helps
minimize standing waves by lowering reflections and increasing the amount of power that the antenna
radiates. It facilitates improved impedance matching across a greater frequency range, which improves the
antenna’s performance. Figure 4(d) shows the antenna with a micro-strip feed line, while Figure 4(e)
depicts the proposed antenna with tapered feed and the S parameter comparison graph is shown in Figure
7(b).

4. RESULTS AND ANALYSIS

All the results are analyzed in the lab and it is observed that all the results are up to the mark for the UWB
antenna, as elaborated in the following sub-sections.

4.1 S Parameter

Figure 7(a) shows the stepwise S parameter of Koch fractal octagonal UWB antenna. Figure 7(b) compares
S parameter between microstrip feed line and tapered feed line. Figure 7(c) Compares S parameter between
different diameters of the radiator. Figure 7(d) compares S parameter between different heights of the
substrate and shows the stepwise S parameter of the novel UWB Koch fractal antenna. From Figure 7(a),
we can see in Step-1 the antenna having full ground not using DGS technology; the antenna does not get
the desired bandwidth. In Step-2, the octagonal patch with DGS gets one resonant frequency at 3GHz and
the bandwidth is narrow. After that, in Step-3, star Koch subtraction in the center of the octagonal patch
improves the bandwidth of the antenna and resonates at 3.7 GHz. In Step-4, the first two iterations at the
lower side of the proposed antenna provide the wide bandwidth and two resonant frequencies; 3.2GHz and
8.6 GHz. In Step-5, the second two iterations at the upper side of the proposed antenna increase bandwidth
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covering from 2 GHz to 12.1 GHz. This antenna is efficient at resonating at the triple frequencies of 3.3
GHz, 6 GHz and 8.6 GHz. Figure 7(b) shows S-parameter graph between microstrip feed line and tapered
feed line. From the graph, it is evident that with the microstrip feed line, the proposed antenna is not getting
the UWB bandwidth, but with the tapered feed the proposed antenna gets the desired UWB bandwidth 2
GHz -12.1 GHz with three resonant frequencies. Figure 7(c) shows the comparison graph of the different
diameters of the patch. From the graph, it is evident that the optimized diameter is helpful for the proposed
antenna for gating the UWB bandwidth. Figure 7(e) shows the S-parameter comparison graph for different
heights of the substrate, where it is observed that the 1.6 height is helpful for the proposed antenna.
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Figure 7. (a) The stepwise S parameter of Koch fractal octagonal UWB antenna, (b) S-
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Figure 8 represents the parametrical study of the proposed antenna. Figure 8(a) shows the comparison
graph of the proposed antenna, where in the base of the ground from the graph it is clear that the Step-1
antenna without DGS does not get the desired bandwidth. The optimized antenna without DGS also
does not get the desired properties of UWB. Step-4 antenna optimized the proposed properties with
DGS help for the desired bandwidth. Figure 8(b) shows the comparison graph of the different feed
lengths of the proposed antenna and Figure 8(c) shows the comparison graph effect of the Koch
fractal (with and without) in the proposed antenna, while Figure 8(d) depicts simulated and measured
S parameters of the proposed antenna.

Here, we observe that the S parameter of the proposed antenna is below -10 dB and the triple resonance
frequencies obtained are 3.3 GHz, 6 GHz and 8.6 GHz. It is observed that because of losses created by
the SMA connector, the measurement surrounding and the fabrication tolerance, some discrepancies
are shown in the results.

4.2 Radiation Pattern

Simulated and measured E-plane and H-plane radiation patterns at the resonant frequencies 2 GHz and
3.3 GHz of Koch fractal octagonal UWB antenna are shown in Figure 9. We observe that the radiation
pattern at both frequencies is omnidirectional. Figure 10 shows the simulated and measured E-plane
and H-plane radiation patterns at the resonant frequencies of 6 GHz and 8.6 GHz. Figure 11 shows the
simulated and measured (a) E-plane and (b) H-plane radiation patterns at the resonant frequency of 12
GHz. Here, the three main resonant frequencies the beginning 2 GHz, the center 6 GHz and the end
12.1 GHz as well as the frequencies 3.3 GHz and 8.6 GHz are taken for the observation of the radiation
pattern and Figure 11(c) shows the impedance matching on the Smith chart of the proposed antenna.
Achieving perfect impedance matching across the entire UWB spectrum might be challenging due to
the wide frequency range. From the graph, it is evident that the impedance matching of the proposed
antenna is acceptable.
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Figure 9. Simulated and measured radiation Figure 10. Simulated and measured radiation
pattern in the E plane and H plane at 2.2 GHz pattern in the E plane and H plane at 6 GHz
and in the E plane and H plane at 3.3 GHz of and in the E plane and H plane at 8.6 GHz of
the proposed antenna. the proposed antenna.

We observe that the antenna is efficient in resonating at frequencies of 2 GHz, 3.3 GHz, 6 GHz and
8.6 GHz. In the case of E-plane and H-plane radiation patterns, it is evident that in both planes, the
radiation pattern is omnidirectional.
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4.3 Radiation Efficiency

Radiation efficiency is also analyzed in this paper. Figure 12 shows the simulation followed by measured
radiation efficiency vs. frequency graph. It is observed that during the resonant frequencies of 3.3
GHz, 6 GHz and 8.6 GHz, the radiation efficiency is between 92 and 96%. It is also evident that
simulated radiation efficiency and measured radiation efficiency are flat around 2 GHz - 5.5 GHz.
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Figure 11. Simulated and measured radiation patterns (a) E-plane radiation patterns and (b) H-
plane radiation patterns at 12 GHz of the proposed antenna and (c) Impedance matching on smith
chart graph of the proposed antenna.
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Figure 12. Radiation efficiency for the proposed Koch fractal octagonal UWB antenna.

4.4 Surface Current Distribution

Figure 13 and Figure 14 depict the Koch fractal antenna’s sufface-current distribution at resonance
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Figure 13. Surface-current distribution at
resonant frequency of 3.3 GHz of the
proposed Koch fractal octagonal UWB antenna.
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frequencies of 3.3 GHz and 8.6 GHz. It is observed that at 3.3 GHz, the current is concentrated near the
feed, but at 8.6 GHz, the surface current gathers surrounding the feed and the first half of the Koch
antenna, which shows the accomplishment of the optimum impedance matching.

4.5 Gain

Figure 15 depicts simulated and measured gain of the Koch fractal octagonal antenna. Here, it was
observed that the maximal gain of the designed antenna is 6.79 dB at 12.25 GHz. The overall gain is
up to the mark for the UWB antenna.
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Figure 15. Peek gain vs. frequency graph of proposed Koch fractal octagonal UWB antenna.

5. TiME DOMAIN ANALYSIS

In the frequency domain, the antenna system demonstrates distinct properties, such as gain, polarization
and directivity. Yet, examining the time domain provides the precise performance requirements for ultra-
wideband antennas. This study sets important standards for impulse-oriented systems and confirms that
they meet the requirements of the intended application. Time-domain characteristics, such as group delay,
input and output correlation coefficients and fidelity-factor analysis, are explained in this section.

The correlation coefficient signifies the maximum correlation between two signals at a time delay T,
indicating the resemblance between the transmitted and received pulses. A maximum correlation
coefficient of 0.9 denotes an almost complete similarity between the received and input signals of the
proposed antenna [25]. The mathematical expression for the time correlation coefficient is calculated
with the help of Equation 15.

2 st (D, (t-T)dt
(P 2lse 0l at 225y [ at

where, Stx = transmitter, Syx = receiver and z = time delay.

F =max

(15)

Antennas with a greater fidelity factor provide transmitted signals with less distortionand better precision.
This is closely related to having a larger bandwidth, which makes it possible to send and receive
a wider range of frequencies efficiently. High-fidelity factor antennas are essential for maintaining clear
and dependable signal transmission in applications like microwave imaging, where accuracy and
precision are critical. This eventually improves the imaging-process quality and resolution [26]. The
transmitted (Tx) and received (Rx) pulses, designated as T" and R", respectively, are normalized using
Equations 16 and 17. To compare the pulses’ waveforms or shapes rather than their absolute
amplitudes, this normalization step is necessary. To emphasize the shapes or patterns of the pulses
rather than their magnitudes, the pulses are normalized, particularly when the Rx pulses’ amplitude
is smaller than the Tx pulses’ magnitude. Equation 18 is used to find the fidelity factor. In the face-to-
face configuration, the proposed antenna has a higher fidelity factor of 90.2; so, it is evident that the
proposed antenna has less distortion and better precision.

T=—0 (16)
(s
Ry =—=8 (17)

=
[T 2IRs(b)|2at
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FF =max [* T (©RFE)(t + 1)dt (18)

Another crucial performance metric for ultra wideband antennas is the group delay, which signifies the
alteration in the phase of the transmitted signal concerning the frequency. In ultra-wideband (UWB)
antennas, group delay signifies the time that it takes for diverse frequency parts within the transmitted
signal to traverse the antenna or system. It’s vital for UWB antennas spanning broad frequencies,
revealing how these frequency elements experience delays within the antenna setup. Consistent group
delay is crucial in UWB applications, as it upholds the timing relationships among frequencies,
ensuring that these signal components reach their destinations without distortion or phase issues and
maintaining signal accuracy and integrity.

In ultra-wideband (UWB) antennas, the group delay can be mathematically represented by deriving the
phase response concerning frequency. If the phase response ¢(w) of the antenna system is known as a
function of angular frequency o, the group delay t can be computed by taking the negative derivative

of the phase concerning angular frequency. Group delay is calculated with the help of Equation 19.
56 (w)
T=——"
Sw

Here, z=group delay, #(w) =phase response of the antenna system and « = angular frequency.

(19)

To compute the correlation coefficient, we utilize a wideband Gaussian pulse as the input signal
transmitted through the antenna, as demonstrated in Figure 16 The transmitter and receiver antennas are
positioned 17 cm apart at various angles ¢ (0°, 45°, 90°) in the XZ plane. To find out the separating
distance of the transmitter and receiver antennas, Equation 20 is used.

) 2D?
FarField > - (20)
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Figure 16. The transmitter antenna and receiver antenna are positioned 17 cm apart on the XZ plane
(a-c), at various angles ¢ (0°, 45°, 90°).
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Figure 17. Time-domain characteristic graph (a) group-delay graph for ¢(0°, 45°, 90°) on the XZ
plane at various angles ¢ (0°, 45°, 90°) (b) graphs depicting the correlation coefficient.

Figure 17(a) shows the group-delay graph at various angles ¢ (0, 45, 90) degrees. In Figure 17(b),
the graphs depicting the correlation coefficient are displayed for observation. The time-domain
characteristics are acceptable for UWB. The group delay is 1.1 ns.
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6. ANALYSIS IN RELATION WITH OTHER REVIEWED REFERENCES

The analysis of other reviewed references’ antenna in terms of material used, dimension of antenna,
operating band and gain are listed in Table 2. It has been noticed that the current work shows
bandwidth enlargement. Moreover, the antenna size is smaller than in the works presented.

Table 2. Analysis of relations with other antennas.

Ref. Material Antenna Operating Gain
No. Used Dimension Band
mm3 (GHz) | (dBi)
[9] FR4 23.5x26.5x6 1.4-10.4 NR
[10] RT/Duroid 5880 16.5x13.5x0.787 3.1-10.6 NR
[12] Taconic 67x84x1 0.5-13.5 3.5-7
[13] FR4 23.5x15x1.6 2.3-14 6.3
[16] FR4 40x1.6x1.6 2-10 NR
[17] FR4 30x30x1.6 2.3-13.2 5.5
[18] FR4 60x55x1.59 NR 7.37
[19] FR4 18.5x9.2x1.6 4.3-15.5 7.37
[20] Taconic 30x40x0.8 3.3-11 5.74
[22] FR4 40x24.5x1.6 NR 9.02
[23] RT/Duroid 5880 24x30x0.787 3-12.7 6.1
[24] Roger 5880 35 x 35 x 1.57 3.08-40.9 5.9
[25] Plexi-glass 29x 27 x 1.6 2-32 10.6
[26] | RO5880RFteflon 26x29x0.787 3.8-12.7 3.5
[27] RO5880 52x 26 x0.787 2.3-11.5 8.4
[28] FR4 14x 18 x 1.6 3.3-115 1.4
[29] FR4 49.35x98.7x1.6 1-4.4 NR
[30] R0O4003C 71.6x71.6x3.118 3.27-3.82 8.1
[PW] FR4 34.3x265x1.6 2-12.1 8.94

[*PW=proposed work,*NR = not reported].

Hence, it can be concluded that the suggested design of a single-element UWB antenna utilizing the
Koch fractal octagonal structure is well-suited for UWB applications.

7. CONCLUSION

In this paper, a Koch fractal octagonal antenna is proposed for the ultra wideband (UWB) frequency-
range applications. The uniqueness of this paper resides in its innovative use of the Koch fractal
octagonal geometry to design an ultra wideband antenna that achieves miniaturization, compactness,
wideband operation, high efficiency and multiple resonances. The combination of these features makes it
apromising candidate for various wireless communication applications.

The paper introduces an innovative antenna design that utilizes a Koch fractal octagonal geometry.
This choice of geometry is not commonly seen in traditional antenna designs, which makes it an
innovative approach. The Koch-fractal use in the antenna design serves a dual purpose. It aids in
miniaturization, meaning that the antenna can be made smaller while maintaining or enhancing its
performance. Additionally, the fractal geometry contributes to the compactness of the antenna.

The proposed antenna’s resonance at three specific frequencies (3.3 GHz, 6 GHz and 8.6 GHz) is
another notable feature. This could potentially find applications in multi-frequency communication
systems or frequency-selective applications. The antenna design presented provides a substantial
bandwidth spanning from 2 GHz to 12.1 GHz. This kind of wide bandwidth is essential for UWB
applications, This necessitates the capacity to send and receive signals across a wide spectrum of
frequencies. The maximum gain of the antenna is 8.94 dBi at 12.25 GHz. The overall efficiency of the
antenna is 96.8%. The time-domain characteristics are acceptable for UWB, where the group delay is
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1.1 ns. The proposed antenna has a high fidelity factor of 90.2 and the correlation coefficient is 0.9,
which makes the antenna a good candidate for UWB.

The paper introduces the significance of antenna design in modern wireless communication systems.
It briefly mentions the challenges and the need for antennas with multiband operation, compact size,
expanded bandwidth, high gain and high efficiency. These are the advantages of the proposed antenna:

Multiband Operation: The self-similar structure of the proposed Koch fractal antenna enables
seamless operation across a wide range of frequencies. This unique design characteristic facilitates
multiband functionality without necessitating significant alterations to the antenna’s original design.
The inherent scalability and self-similarity empower the antenna to operate efficiently across various
frequency bands, marking a significant advancement in antenna versatility.

Compact Size: The fractal architecture of Koch-fractal antennas allows for remarkable miniaturization,
rendering them ideal for integration into diminutive wireless devices, like RFID tags and smartphones.
This inherent compactness without compromising performance positions these antennas as pivotal
components for the next generation of portable communication technologies.

Expanded Bandwidth: Compared to conventional antennas, fractal antennas, including the proposed
design, boast notably larger bandwidths. This expanded bandwidth offers unparalleled flexibility in
signal transmission and reception, facilitating the accommodation of diverse data streams and
improving overall communication reliability and performance.

High Gain and Efficiency: Maintaining consistently high efficiency throughout the ultra-wideband
(UWB) spectrum, the proposed antenna stands out for its exceptional gain. The inherent design
features optimize signal transmission and reception, resulting in amplified signal strength and
reliability across the designated frequency range.

Summarizing the pivotal advantages presented by the proposed Koch fractal octagonal antenna, the
proposed antenna has various applications. The bandwidth of 2 GHz to 12.1 GHz and the resonant
frequencies of 3.3 GHz, 6 GHz and 8.6 GHz of the proposed antenna are important in the context of
ultra-wideband (UWB). These various frequency allotments serve a variety of purposes according to
regulatory requirements, bandwidth requirements, range constraints and interference considerations.
Such antennas are used in many different technological fields, including sensing, communication,
radar systems and industrial applications and they take advantage of the special qualities that these
frequency bands have to offer. Starting with the 3.3 GHz, within the microwave frequencies, these
antennas power high-speed data transfers in 5G networks, enabling applications, like HD video
streaming and swift mobile communication. The 6 GHz band, a cornerstone of Wi-Fi 6E, fuels
seamless, high-speed connections in dense areas, such as stadiums and urban zones. Meanwhile, the
8.6 GHz frequency, part of the millimeter-wave spectrum, drives specialized high-speed, short-range
communications, like WPAN, WBAN, industrial, scientific and research applications. Together, these
frequencies in ultra-band antennas cater to a wide range of communication needs, balancing data rates,
range and specific application requirements, helping with precision in control systems, asset tracking
and short-range sensing.

Future aspects of the proposed antenna are to improve the design for more applications in UWB, by
designing the MIMO antenna, as well as the reconfigurable antenna.
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