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Abstract: The mid-band is arguably the most useful band for advanced future technology as it provides an excellent blend of capacity,
penetration, speed, and coverage, making it ideal for highly populated urban regions with high connection demand. Fractal antennas with
distinct geometric patterns and properties have certain advantages that make them potentially suitable for mid-band applications. In this
article, different kinds of low-profile fractal antennas are designed and structurally analyzed for mid-bands, encompassing applications
aligned with the IEEE 802.11.4.0 Standard. The proposed antennas are assessed through the use of FEM-based simulation software with
FR4 as the dielectric material. The proposed Koch fractal stands out as the most promising choice among other antennas for mid-band
applications primarily due to its distinctive 15-degree notch characteristic, contributing to its outstanding performance. Experimental
testing of the antennas has been conducted, showing favorable agreement with the simulated results.

Keywords: Fractal, Mid-band, Koch, low-profile, FEM-based.
1. Introduction

An intriguing area of antenna design research is the
integration of fractal concepts with microstrip
patch antennas. Microstrip patch antenna performance may
be enhanced by fractals,
complex geometric structures that display self-replicating
patterns at different scales [1]. Antennas with enhanced
bandwidth, reduced size, and the ability to function across
multiple frequency bands can be produced by
applying fractal geometries [2]. The development of
imaginative and distinctive antenna designs has been
demonstrated to benefit from the application of fractal
geometry, such as Koch, Sierpinski Carpet, Minkowski,
Sierpinski Gasket, and Hilbert curve [3].

Antennas shaped with Koch fractal pattern function very
well at higher frequencies, as showcased in [4]. The goal
of this technology is to serve a large number of subscribers
with innovative devices. Furthermore, these antennas have
low power losses, small geometric dimensions, a wide
band characteristic, and generally favorable phase ranges
[5]. The Sierpinski fractal is predicted to be an effective
choice for designing multiband patch antennas [6, 7].
Waclaw Sierpinski first developed this geometry in 1915,
and scholars have subsequently experimented with many
designs based on it. The Sierpinski fractal is widely
recognized for its versatility, since it can be adapted to
many shapes such as triangular, rectangular, and circular
based on the specific requirements of applications
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[8]. The compactness of the Minkowski fractal design is

its primary advantage, as it is crucial
for applications like GSM  cellular ~ phones  [9,10].
The uniform  radiation pattern of  the Minkowski

fractal antenna is similar tothat of a standard HWD
antenna, which  facilitates its easy integration into
avariety of wireless communication receivers [11].
Numerous studies suggest that, similar to Koch, Sierpinski
carpet, and Minkowski, various types of fractal geometry
can be employed to construct a fractal antenna, with each
geometry having its own set of advantages and
disadvantages [12].

The kind of fractal geometry utilized in fractal patch
antenna significantly impacts the antenna's performance in
a given application. Therefore, one of the crucial steps in
fractal antenna design is determining the appropriate
structure that offers the required characteristics for the
intended application [13, 14]. This article focuses on
identifying suitable fractal geometry for mid-band
applications, particularly at 5.2 GHz.

Based on technical considerations, the hypothesis is
separated into the following Sections. Section 1 introduces
fractal patch antennas, providing insights into their
advantages, and includes a literature survey on how fractal
geometry contributes to the performance of patch antennas.
The comparative simulated outcomes of all low-profile
fractal antennas are outlined in Section 3, accompanied by
an in-depth examination of the design identified as the
most effective. The fourth section provides details on the
fabrication process, followed by the measured results of
the antennas in the final section. Section 2 primarily
focuses on emphasizing the need for a fractal antenna in
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mid-band applications, followed by the design of different
types of low-profile fractal antennas suited for mid-band
applications. In addition, a complete structural analysis is
performed to understand the operation of these antennas
and identify the most effective ones among them.

2. Antenna Design:

The present and prospective 5G use cases fall into three
categories namely massive machine-type communication
(mMMTC), ultra-reliable low-latency communication
(URLLC) and enhanced mobile broadband (eMBB). Mid-
band spectrum is the only type of 5G that is expected to be
used for all three of these use cases. Further, it provides
more capacity and faster speeds than the low-band, while
simultaneously covering a substantially larger area than the
high-band millimeter wave spectrum. At this mid-band,
there is a considerable demand for an antenna with a high
gain and a compact dimension. The optimal choice for
achieving this goal is a fractal patch antenna.

The primary objective of this article is to ascertain the
fractal geometry that facilitates mid-band applications,
especially at the frequency of 5.2 GHz. To achieve this,
four different low-profile fractal antennas are constructed
and analyzed. The selection of the four antenna structures
is based on fundamental waveguide shapes such as square,
triangle, and circle. These structures include the Sierpinski
carpet, Sierpinski gasket, Koch Island, and Sierpinski
circle curve. All four antennas were designed with
dimensions of 28 x 45 x 1.6 mms3, utilizing impedance
feed. The dimensions of the antenna are calculated by
employing the transmission line model, and the equations
for the essential parameters [15] are

Effective dielectric constant € is given as

er+1 er—l [ 12h:r).5
Eeﬁ: = T + 2 1+W (1)

Where €=dielectric constant; h & w = height and width of
the substrate.

Effective length Les of patch is calculated using

c

Lg =57—F7— 2
efft 2 fo/<eff

Where fo = resonant frequency

The variation in length is given by

(e +o.3XW+0.264)
AL = 0.412h ( reff h

e —0.3X%+0.264)

The dielectric material used in these antennas is FR4,
which has a dielectric constant of 4.4. The fractal geometry
involved in the antenna design is constructed using an
Iterated Function System (IFS) based on a deterministic
algorithm [16]. An IFS comprises contractions {Wy, W, ..

®3)

, Wn}, where N> 2, acting on a closed subset. An attractor
of the IFS is a nonempty compact subset F within the
closed subset if

N
w(s):iglwi(S)
(4)

The set {W1, Wo, ....Wn} represents a collection of affine
transformations, U stands for the Hutchinson operator[17],
S denotes the initial geometry, and W(S) represents the
new geometry generated by applying the set of affine
transformations to the original geometry. The affine
transformation Wi(S) is precisely defined by the following
[18]

G- S0

W, = +

y C D)\Y F

()

2.1 Sierpinski Carpet Antenna

The initial design in this section is Sierpinski Carpet
antenna with a radiating layer dimension of 20 mm x 14
mm,. A rectangular patch is used in the construction of the
Sierpinski carpet fractal. As shown in Fig.l, the
appropriate geometry is obtained by subtracting one-third
of the rectangle's size from the middle of the main
rectangle and repeating the process a number of times.
This antenna has undergone two iterations of development
[19]. The affine transformation (w1, W> ...ws) that defines
IFS of the Sierpinski carpet fractal is given below
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Fig.1. Sierpinski Carpet antenna

In antenna design, the influence of a fractal is often well
realized when two parallel capacitances in series with the
power line are placed in series with the inductance. In
order to accomplish this, an inductance is placed in the
mid-void region, as illustrated in Fig.1. With resonance at
5.07 GHz, the findings provide a bandwidth of 170MHz
and an efficiency of 52%. The S parameter plot in Fig.5
shows a pure signal with a return loss of -19.29dB. The
observed results do not meet the requirements of a mid-
band application, as the antenna should ideally offer a
return loss of -20 dB. This is because the carpet model has
more slots, which causes a stronger capacitive effect within
the antenna. Although the structure's impedance feeding
will offset the capacitance and provide the device with a
steady input, the return loss will still be high .To address
this, the antenna structure is modified, and circle design is
introduced to meet the required parameters for mid-band
application.

2.2 Sierpinski Circle Antenna

In this design, a circular patch is built, with the diameter
being the width of the rectangular patch from carpet
design. The proper Sierpinski circle geometry [20] is
established, as illustrated in Fig.2, by repeatedly deducting
one-third of the circle's size from the center of the main
circular patch. There have been two development iterations
for this antenna.

Fig.2. Sierpinski Circle antenna.

The design's variable-length impedance feed line inputs
power in to the radiating patch at a high rate, resulting in a
gradual signal transmission. This type of design
configuration will cover a wider frequency range;
nevertheless, the return loss will be high. To enhance the
return loss, the ground layer should have a capacitive

impact. Therefore, a defected | structure has been
incorporated in the ground layer. The antenna is simulated,
and its operation is analyzed. The simulation results from
Fig.5 indicate that the circle design's resonance is at 5.77
GHz with a bandwidth of 990MHz and a return loss of -
30.03 dB. Despite achieving the necessary bandwidth for
the mid-band application, the antenna's efficiency is just
54%.The circular capacitance of the radiating layer and the
defected ground structure contribute to increased back
power radiation, resulting in lower antenna efficiency.
Further ~modifications are made to the antenna
configuration, and a triangle design is built in order to
satisfy the criteria.

2.3 Sierpinski Gasket Antenna

The construction of the triangle design, the Sierpinski
gasket [21, 22], begins with the utilization of an equilateral
triangle as its initial geometric element. Using the diameter
of the Sierpinski circle from design 2 as its cross angle, the
equilateral triangle is constructed. Next, the building
process continues with the elimination of the center
triangle, whose vertices are situated at the midpoints of the
triangle's original sides. To obtain the final structure, as
shown in Fig.3, the aforementioned process is repeated for
the remaining triangle. This design involves two iterations
without any modification to the ground layer. Below is the
affine transformation (wl, w2 & wa3) that defines the IFS
of the Sierpinski gasket fractal

TWECIAWER
)22 ()
o 2)-(7 ) ()

The results obtained from the simulation in Fig.5
demonstrate that the resonance of the gasket design occurs
at 5.2 GHz, with a bandwidth of 120 MHz and a return loss
of -17.75 dB, respectively. Although the antenna achieves
the required resonance for mid-band application, its return
loss is significant, and the band coverage is minimal. The
capacitive influence of the radiating patch, along with the
forward orientation of the triangle's sharp edges, causes
this phenomenon to occur. The antenna structure
undergoes additional modifications, leading to the
construction of Koch design, aimed at achieving the
necessary parameters.

(14)

(15)

(16)
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Fig.3. Sierpinski Gasket antenna
2.4 Koch Island Antenna

The Koch Island geometry [23] is designed by dividing the
side of the equilateral triangle into three equal parts.
Subsequently, the middle segment on each side is replaced
with a smaller triangle. The final structure of the Koch
antenna, as depicted in Fig.4, is obtained by repeating this
process for three iterations. The overall dimension of the
radiating patch is kept the same as that of the equilateral
triangle in the Sierpinski gasket design. Furthermore, the
sharp edges of the Koch Island were constructed with a 15-
degree notch to align with the dimensions of the inverted
triangle found in the mid-void region of the gasket model.
The 15-degree notch construction is implemented to
encompass all directions of the design, and this is achieved
through the specific manner in which it is constructed.
There are six notches in the design; within each notch,
there are three sharp edges, each providing 5 degrees. This
means that collectively, the notches cover 90 degrees.
Additionally, there are six 45-degree gaps between the
notches, totalling 270 degrees. By combining the 90
degrees from the notches with the 270 degrees from the
gaps between notches, the design incorporates a uniform
arrangement of sharp edges that covers the entire 360
degrees of the radiating layer. The Koch Island's IFS is
defined by the affine transformations (w1, w2...w7) shown
below

Fig.4. Koch Island antenna
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The findings from the simulation presented in Fig.5 show
that the Koch design resonates at 5.2 GHz, possessing a
bandwidth of 140 MHz and a return loss of -31.45 dB.
Furthermore, efficiency is measured at 86%. The Koch
design resonates precisely at the desired frequency with
minimal return loss, demonstrating superior performance
in terms of bandwidth and efficiency for mid-band
applications. The 15-degree notch, employed uniformly in
a 360-degree fashion throughout the design, distributes
power equally in all directions without any harmonics,
thereby enhancing the performance of the Koch antenna.

3. Result & Discussions:

In this article, four different types of low-profile fractal
antennas designed for mid-band applications are presented,
and a comparative analysis is conducted based on their
structures. The primary assessment involves evaluating key
performance metrics such as bandwidth, return loss, and
efficiency. The Koch fractal emerges as the most
prominent among the four antennas for mid-band
applications, as evidenced by simulated results showcased
in Fig.5 and Table.1. Its exact resonance at the desired
frequency, coupled with minimum return loss, signifies
more effective performance in terms of bandwidth and
efficiency. Since the Koch configuration is known to be
the most efficient, the results of the following analysis only
focus on the Koch island antenna.
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Table 1. Basic S-Parameter analysis of different fractals

: R ting[Ret . . .
S esonatingixe urnBandW|dth Gain|Efficiency|
No | Antenna [Frequency| Loss (%)
(MHz) |(dB) °
(GHz) (dB)
Sterpinski o 2 | 1930|170 754 52
1. | Carpet
Sterpinski 022 | 3003| 990 704 54
2. | Circle
Sterpinskil o1 1775l 120 psor| 41
3. | Gasket ' ' '
Koch 52 |-3284| 140 [3.418 86
4. | Island
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Fig.5. Comparative return loss analysis of different fractals
3.1VSWR

The evaluation of the Koch Island's performance begins
with the analysis of the parameter known as the reflection
coefficient. According to transmission line theory, the
reflection coefficient, which quantifies the amount of
electromagnetic waves reflected due to an impedance
mismatch, cannot be directly simulated. Instead, it is
determined from the return loss plot. Using the simulated
return loss reported in Fig.5, the reflection coefficient of
the Koch island antenna is calculated by the following
equation [24]:

RL = -20log1g|—
P (24)
Where RL= return loss = -32.84 & Reflection co-efficient
RL
_ p=(10)"20 =003
-7 (25)

Assuming a mismatch in impedance between the antenna
and the cable, a portion of the feeding signal is reflected
backward. This reflected signal combines with the feeding
signal, forming a unified wave referred to as a standing
wave. The Voltage Standing Wave Ratio (VSWR)

quantifies the ratio between the maximum and minimum
values of this standing wave. In an ideal scenario, a VSWR
of 1:1 signifies a perfect match, indicating that the
impedance of both the antenna and cable are precisely
equal. But in real world, the acceptable VSWR is 2:1,
which implies that a mismatch with 11% reflected energy
is tolerable. The theoretical calculation of VSWR [24]
involves the reflection coefficient, and the formula is
provided below

VSWR -1
VSWR +1

(26)

+1
vswr = 2= 106

p-1 @7

The VSWR obtained through simulation for the Koch
Island antenna is depicted in Fig.6. Upon examination, it
becomes evident that the manually determined VSWR
closely corresponds to the simulated values. The recorded
value of 1.05 indicates that the proposed antenna achieves
an ideal impedance match at its resonant frequency.

VSWR wessoesgn 4
60.007 I

50007

4000

Name X[GHz| Y |
KOCH | 5.2000 1.0549

VSWR

3000
2000°
10.00°

000"
300 350 400 450 500 550 600 650  7.00
Frequency [GHz]

Fig.6. VSWR plot of Koch Island antenna
3.2 Impedance Matching

The polar representation of the complex reflection
coefficient is presented in Fig.7. The impedance value
identified from the smith chart at resonant frequency is
RX=1.0267+0.0691i, where the real part 1.0267 represents
resistance value and the imaginary part 0.0691i represents
the reactance value. The overall impedance value is
determined to be

|RX|=\/(1.0267)2+(0.069)2 = 1.028, implying perfect

impedance match, making it compatible with various mid-
band devices. The incorporation of 15-degree notches and
impedance feed line in the Koch design introduces filtering
characteristics, enhancing the impedance matching
process. This ensures the acquisition of a pure signal
without any deviation in the desired direction.
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Fig.7. Impedance plot of Koch Island antenna
3.3 Radiation Efficiency

The antenna's efficiency is connected to its gain and
directivity. The presence of notches around the
circumference of the radiating patch causes the input
power to radiate equally in all directions, resulting in the
Koch antenna's generated gain being directly proportional
to its transmission direction. According to the transmission
line property

Gain « Directivity
(28)

In order to remove the proportionality, an effective
constant called Efficiency n [24] is added

Gain = 77 Directivity (29)

B Gain
Directiviy
(30)

The gain and directivity of the Koch Island antenna are
measured at 3.4158 and 4.0649, respectively, using the 2D
plot depicted in Fig.8. Now, the calculated efficiency is
found to be

3.4158
n= =84%
4.0649

2D Gain & Directivity tessDusgn 17

5007
(5.2,4.0649)
Directivity

400

300 (5.2,3.4158)

dB

200

1.00 — db{PeskDrrectivy)
SetuplSweep

000 +—— - : |
50 51 52 53 54 55
Frequency |GHz]

Fig.8. 2D Gain & Directivity plot of Koch Island antenna
The simulated radiation efficiency is depicted in Fig.9. A
direct comparison shows a measured efficiency of 86%,
indicating a slight deviation from the manually calculated
value.

Radiation Efficiency HFssDesgnt AT

0887
086
084

2082

20807

* 078
076
0741

072+ —r . . . . e .
50 51 5.2 5.3 5.4 5.5

Frequency [GHz]

(52,08612)

Fig.9. Radiation Efficiency plot of Koch Island antenna

3.4 Radiation Pattern

Generally, in an antenna, if the left-hand circular
polarization (LHCP) is equal to the right-hand circular
polarization (RHCP), then the antenna is said to exhibit co-
polarization, implying that it is circularly polarized. The
radiation plot in Fig.10 indicates that the Koch antenna’s
LHCP equals the RHCP, confirming its circularly
polarized behavior. Consequently, the criterion of circular
polarization for mid-band applications is met.

RHCP @ 5.2 GHz HFSSDosignt A™Y*

150 S 150

-180

(@)

LHCP @ 5.2 GHz

HFSSDesignt AMY*

0

(b)

Fig.10. (a) Right Hand Circular Polarization (b) Left Hand
Circular Polarization

4. Fabrication:

The light etching technology was used to construct all four
antennas because of its ability to achieve accurate etching
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without any noticeable reflections.
fabricated antennas.

Fig.11 shows the

(u

(u)

Fig.11. Top & Bottom View of Fabricated antennas (a)
Sierpinski Carpet (b) Sierpinski Circle (c) Sierpinski
Gasket (b) Koch Island antenna

5. Measured Results:

The measured return loss plots of all four low profile
fractal antennas are compared in Fig.12. The finding shows
that Koch antenna exhibit superior performance compared
to the other three, aligning with the simulated results.

. . Al
Comparactive Measured Return Loss HrssDsint "

0.00
-5.00
10.00
15.00 Curve Info
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235,00 e Koch | 52000 47273
' - Rectangular| 50830 -21.1501
-40.00 — Cror Gasket | 50700 198598
4500 Imprted Foch Circular_| 58280 -261731

-50.00 T T T T T
400 450 5.00 5.50 6.00 6.50 7.00
Frequency [GHz)

Fig.12. Comparative measured return loss plot

Furthermore, the measured return loss plots of all four low-
profile antennas are individually compared with their
respective simulated results. From Fig.13, it is apparent
that the measured results align with the simulated results
with a slight deviation. This discrepancy may be attributed
to the antenna fabrication, which is not 100% identical to
the simulated dimensions or may involve imperfections in
the soldering of the SMA connector.
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(d)
Fig.13. Measured Vs Simulated return loss plot of (a)
Sierpinski Carpet (b) Sierpinski Circle (c) Sierpinski
Gasket (b) Koch Island antenna

Y1

The comparison between the proposed work and the
existing art is provided in Table.2.

Table 2. Comparison with Prior Art

Retur|Band ) -
Referenc| Fractal [Frequenc|p, |oss lwidth Gnal Eff';'enc
€ Type |y (GHz)
@) (M ap)| )
)
Sierpinski
[22] Gasket 52 |-2837) . |39 -
(25) |MIKOWS| 54 119,22 1g5 275 56
Ki 5
Sierpinski
[26] 5 |1164 _ 65
Gasket 390 (3.74
Modified
[27] Gasket 51 |-29.38| 400 | - -
Sierpinski
[28] |Pentagon| 5.2 |-20.40| 300 |3.89| -
al
Propose
Koch
d 52 |31.45 140 |>H| 86
Island 3
Antenna

6. Conclusion

This article conducts a structure-based analysis of various
types of low-profile fractal antennas to determine the
appropriate fractal geometry for mid-band applications.
The comprehensive interpretation of simulated and
measured results identifies the Koch fractal as the most
suitable candidate. The proposed Koch antenna, with a 15-
degree notch characteristic, is found to be compact and
offers precise resonance at the required frequency, along
with minimal return loss, good gain, and essential circular
polarized characteristics. These attributes collectively
make it an ideal choice for mid-band applications. In the
future, designing the Koch model in an array configuration
could enable the acquisition of multiple bands in the mid-
band range.
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