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Abstract: In this article, a second-order iterated Circular Minkowski fractal antenna (CMFA) tai-
lored for ultra-wideband (UWB) applications is designed and developed. Leveraging the power of
Minkowski fractal geometry, this antenna design achieves a high gain across the UWB frequency
spectrum. The design utilizes a circular groove on the ground plane and an arc slot on the radi-
ating element for improving the antenna performance. The proposed antenna is fabricated using
cost-effective material, an FR-4 substrate. The antenna is simulated and optimized. The fabricated
optimized antenna undergoes real-world testing. Measured results reveal an impressive 120.6%
impedance bandwidth spanning from 3.37 GHz to 13.6 GHz, with resonant frequencies at 4.43 GHz,
6.07 GHz, and 9.3 GHz. Meanwhile, the simulated results indicate an impedance bandwidth of
118% ranging from 3.17 GHz to 12.44 GHz. Real-world measurements validate the anticipated UWB
traits, closely aligning with the simulation data, and confirming efficient impedance matching with
a VSWR of less than 2 across the 3.37 GHz to 13.6 GHz frequency range. The radiation pattern
analysis demonstrates a robust bidirectional E-plane pattern and a nearly omnidirectional H-plane
pattern. This research introduces a highly promising circular Minkowski fractal antenna for UWB
applications, offering exceptional bandwidth and resonance characteristics. This antenna design
holds excellent potential for multi-functional wireless systems and opens avenues for enhanced UWB
communication and sensing capabilities in diverse applications.

Keywords: ultra-wideband; high gain; reflection coefficient; circular Minkowski fractal; partial
ground; microstrip feedline

1. Introduction

Ultra-wideband (UWB) technology holds great promise as a communication system
solution due to its ability to transmit data at high speeds and its excellent resistance to
multipath interference. In various fields such as satellite communications, aerospace,
radar, biomedical applications, mobile communication for GSM, and remote sensing,
the microstrip patch antenna has become widely utilized [1]. This popularity stems
from its advantageous features, including ease of analysis and fabrication; affordabil-
ity; lightweight nature; ease of feeding; the capacity for dual, triple, and multiple frequency
operations; as well as its attractive radiation characteristics [2,3]. Despite its numerous
benefits, the patch antenna does possess limitations, particularly in terms of its narrow
bandwidth and poor gain.

The demand for wideband antennas operating at higher frequencies has been steadily
increasing due to the requirements of various wireless applications for greater bandwidth.
Consequently, researchers have been actively working to develop new and effective meth-
ods to enhance the different aspects of microstrip patch antennas, particularly their band-
width. Radiating elements of printed antennas consist of patches with diverse shapes,
such as triangular, rectangular, square, elliptical, and circular [4,5]. Among these options,
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circular structures have demonstrated smaller dimensions relative to frequency opera-
tions. Circular patch antennas offer the advantage of simplified design and control over
radiation patterns compared to rectangular antennas, where patch length and width are
utilized for control and design purposes. Furthermore, circular patch antennas are approxi-
mately 16% smaller in size compared to rectangular patch antennas operating at the same
design frequency.

In recent years, there has been considerable progress in UWB technology and wide-
band antennas. These advancements have led to the development of novel circular patch
antenna designs that address the limitations of conventional narrow-band patch antennas.
By adopting circular patch configurations, engineers have been able to overcome the narrow
bandwidth issues associated with traditional designs. The smaller size of circular patch
antennas not only aids in reducing space requirements but also enhances their compatibility
with compact communication devices [6].

The circular patch antenna’s advantageous characteristics extend beyond its compact-
ness and simplified design. Circular patches offer wider bandwidths, making them suitable
for applications that demand high-speed data transmission [3]. The enhanced bandwidth
capability enables circular patch antennas to support a broader range of frequencies, facili-
tating seamless connectivity for various wireless communication systems. This versatility
is crucial in modern communication environments where multiple wireless devices coexist,
operating on different frequency bands.

Moreover, circular patch antennas exhibit favorable radiation properties, including
improved directivity and radiation efficiency [3,7]. The circular geometry allows for the
generation of desirable radiation patterns with enhanced gain and reduced side lobes.
These features contribute to better signal reception and transmission, ensuring reliable and
efficient communication in complex environments.

To optimize the performance of circular patch antennas, researchers employ advanced
techniques and materials. The use of innovative substrate materials with high dielectric
constants allows for increased miniaturization and improved antenna efficiency. Further-
more, the incorporation of fractal geometries in circular patch designs has shown promising
results in further enhancing their bandwidth and radiation properties. In today’s com-
munication landscape, wireless connectivity is essential for devices to support multiple
applications with different center frequencies. While using multiple antennas can enable
multiband operations, this approach comes with several drawbacks. Firstly, it increases
the overall cost and size of the device, making it less practical for certain applications.
Also, the system’s complexity increases as multiple antennas require additional compo-
nents and circuitry to function properly. Moreover, the usage of multiple antennas creates
coupling issues, which can adversely affect the performance of the antennas. Coupling
leads to interference and reduced efficiency, resulting in degraded signal quality and overall
system performance.

To overcome these challenges, several alternative approaches to achieving multiband
operations without relying on multiple antennas have been developed; this includes
the development of wideband antennas that can cover a broad frequency range while
maintaining a compact form factor [8]. However, a notable issue with this design is the
introduction of notch bands in the antenna structure. In an effort to enhance the bandwidth
of microstrip patch antennas, these advancements aim to meet the increasing demands
of communication systems while simultaneously reducing costs, size, and complexity.
This study suggests the utilization of fractal geometry to reduce the size of the radiating
patch and enhance the antenna’s gain when operating in the UWB bandwidth.

This research introduces the design and analysis of the second-order iterated circu-
lar Minkowski fractal antenna (CMFA) on the design presented in [9] tailored for ultra-
wideband applications. The proposed CMFA offers several appealing features, including
high gain, a small form factor, and the ability to operate across the entire UWB frequency
spectrum. The antenna features a microstrip feedline and employs Minkowski fractal
geometry to optimize its gain across the UWB frequency spectrum. The design integrates a
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circular groove on the ground plane along with an arc slot at the periphery of the radiating
element. The modified UWB CMFA antenna utilizes a circular patch and a single microstrip
feedline, while adopting the cost-effective FR-4 substrate and copper for the radiating
component. The design and simulation of this UWB CMFA antenna are carried out using
the time-domain solver within the Computer Simulation Technology (CST) Studio Suite
2020 by Dassault Systèmes. To validate the real-world usability of the proposed fractal
antenna, it is fabricated and subjected to measurements of S-parameters and radiation
characteristics. These measurements are performed using the Rhodes and Schwarz ZVL
vector network analyzer (VNA) and a radio frequency (RF) anechoic chamber, respectively.

The remaining sections of the paper are organized as follows: Section 2 presents the
design and geometry of the circular Minkowski fractal antenna, and Section 3 presents
the characteristics of the antenna. The fabricated measured results and validation of the
measured results with simulated results are presented in Section 4, and Section 5 presents
the conclusion of the work.

2. Design and Geometry of the Circular Minkowski UWB Antenna

The top view, bottom view, and side view of the proposed antenna are presented
in Figure 1a, Figure 1b, and Figure 1c, respectively. The antenna design incorporates a
fundamental circular patch configuration with two circular slots located on the left and
right edges of the radiating patch, as illustrated in Figure 2a, and features a single feedline.
To enhance the antenna’s impedance matching, we introduce a Minkowski square on top of
the circular radiating patch as shown in Figure 2b. Additionally, we take a further step to
enhance impedance matching by adding an additional iteration of the Minkowski square,
as shown in Figure 2c. This modification is aimed at optimizing the antenna’s impedance
matching, gain, and efficiency characteristics.

(a) (b)

(c)

Figure 1. Geometry of the proposed antenna: (a) top view, (b) bottom view, and (c) side view.

To improve the antenna’s bandwidth, we implement a partial ground configuration,
as demonstrated in Figure 2d. To further expand the antenna’s bandwidth to cover the en-
tire UWB frequency range , a central groove is introduced on the ground plane, as depicted
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in Figure 2e. Figure 2e provides a visual representation of the antenna’s ground plane,
highlighting the presence of the centrally positioned groove that has been incorporated for
this purpose.

(a) (b)

(c) (d)

(e) (f)

Figure 2. Design evolution of the circular Minkowski fractal antenna: (a) Ant-1, (b) Ant-2, (c) Ant-3,
(d) Ant-4, (e) Ant-5, and (f) the equivalent circuit of the antenna.

The central groove plays a crucial role in improving impedance matching by reducing
the capacitive loading on the patch antenna. This occurs because the groove creates an area
of low electric field strength at the center of the ground plane, which in turn reduces the
amount of current flowing through the patch antenna. As a result, the antenna’s impedance
is more closely matched with that of the feedline, leading to enhanced efficiency.

Here are some additional details about the design:

• The antenna is made of FR-4 material with a dielectric constant of 4.4.
• The patch antenna is 17.6 mm in diameter and 1.6 mm thick.
• The feedline has 50 ohms impedance.
• The center groove is 2.46 mm wide and 1.23 mm deep.
• The antenna is designed to operate at a lower cut-off frequency of 3.1 GHz.
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The initial antenna design follows the design equations of a planar circular antenna as
given below [10–15]:

fl =
7.2([

2a + a
4 + p

]
· k
) (1)

a =

[
3.2GHz

fl ·k

]
− 4 · p

9
(2)

where fl = lower cut-off frequency, p = feedgap, a = radius of circular patch, and k = constant.
The value of k is a constant, which is 1.15, the feed gap p is 0.32, and fl = 3.1 GHz. Sub-
stituting these in the formula gives the radius of the patch as 0.8834 cm. The resonant
frequency of the circular patch antenna TMZ

mno can be calculated from the equation given
below [16–18]:

f rmn0 =
1

2π
√

µε

(
X′mn

)
(3)

where X′mn represents the zeros of the derivative of the Bessel function Jm(x), which
determines the order of the resonant frequency. The dominant mode frequency TMZ

110 is
calculated by using the following equation [16,19]:

( f r)110 =
1.8412Vo
2πae

√
εr

(4)

where V0 is the speed of light and ae is calculated from Equation (5)

ae = a

√
1 +

2h
πaεr

(
ln
[πa

2h

]
+ 1.7726

)
(5)

For a circular patch antenna, changing the radius of the patch determines the reso-
nant frequency of the antenna. The characteristic impedance of the microstrip feedline is
calculated using the following equations [18,19]:

ZC =

{
60
√

εre f f
ln
[

8h
W0

+
W0

h

]
for

W0

h
≤ 1 (6)

ZC =

 120π
√

εre f f

[
W0
h + 1.393 + 0.677 ln

(
W0
h + 1.44

)] for
W0

h
≥ 1 (7)

The length of the partial ground is given by the relation:

lgg = l f + p (8)

where l f and p represent the length of the feedline and the feed gap, respectively.
Self-similarity is one of the characteristics of the Minkowski fractal, which indicates

that at various sizes, distinct portions of the curve resemble the entire curve. The specific
construction technique and the applied parameters determine the Minkowski fractal’s
precise fractal dimension. The following equations have been used to estimate the initial
size [20]:

K(n+1)
1 = a1 × Ln (9)

K(n+1)
2 = a2 × Ln (10)

where L is the length of the Minkowski Square, a1 and a2 are the indentation ratios, K1 and
K2 are the length and width of the indentation, and n is the iteration number. The equivalent
circuit of the proposed CMFA is depicted in Figure 2f. This circuit comprises several
elements. Specifically, R1, L1, and C1 represent the resistance, inductance, and capacitance
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of the patch, respectively. Furthermore, Cs and Ls indicate the mutual capacitance and
inductance between the patch and the ground plane. The ground plane, on the other hand,
is defined by R2, L2, and C2, which signify its resistance, inductance, and capacitance.
Lastly, Zin represents the input impedance of the circuit.

3. Antenna Characteristics

The circular Minkowski arc-slotted antenna analysis considers various parameters
influencing its performance. The simulations are conducted using the CST microwave
studio. The investigation of the proposed antenna reveals that several factors, namely the
length of the ground plane, the dimensions of the groove, and the size of the slot on the
radiating patch, significantly impact its overall performance. The subsequent subsections
provide detailed explanations of the effects of these parameters.

3.1. Effect of the Slots in the Radiating Patch on Impedance Matching

The graphical representation depicted in Figure 3 illustrates how different slots in
the radiating patch affect the impedance matching of the radiating patch. Ant-1 exhibits
two resonance frequencies at 8.37 GHz and 12.09 GHz, along with corresponding reflection
coefficients of−12.09 dB and−18.44 dB. Ant-2 also demonstrates two resonance frequencies
at 8.72 GHz and 9.05 GHz, while showing improved impedance matching at these resonant
frequencies. Ant-3, the second iteration of the CMFA, reveals three resonant frequencies
at 8.68 GHz, 10.02 GHz, and 12.73 GHz, resulting in reflection coefficients of −33.01 dB,
−11.56 dB, and −40.04 dB, respectively. It is worth noting that the addition of a fractal
structure to the radiating patch enhances both impedance matching and bandwidth.

Figure 3. Effect of the slots in radiating patch.

3.2. Effect of the Length of the Ground Plane on the Bandwidth

The graphical representation in Figure 4 indicates that the antenna with a full ground
plane exhibits a narrow bandwidth, while the design goal is to have an antenna that operates
across the full UWB frequency range. This antenna shows three resonance frequencies:
8.68 GHz, 10.20 GHz, and 12.73 GHz. The first resonance frequency offers a bandwidth
of 0.96 GHz, the second resonant frequency offers a bandwidth of 0.35 GHz, and the
latter provides a bandwidth of 0.53 GHz. By reducing the length of the ground plane,
the antenna’s bandwidth is increased, and its impedance matching improves, as is evident
in Figure 4. Upon reducing the ground plane to 8 mm, the bandwidth increases to 1.32 GHz,
and reduction to 7.6 mm increases the bandwidth to 1.75 GHz. A further reduction to 7 mm
results in significant bandwidth increment to 5.69 GHz. However, this adjustment moves
the lower cut-off frequency further away from the desired design frequency. Subsequently,
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reducing the ground plane to 6 mm causes the lower cut-off frequency to fall below
the design frequency, with a bandwidth of 5 GHz and a reduced reflection coefficient,
as observed in Figure 4. At 6.7 mm, we achieve a bandwidth of 5.59 GHz and a lower
cut-off frequency of 3.21 GHz, which is remarkably close to the design’s lower cut-off
frequency. The trade-off lies in moving the lower cut-off frequency away from or below
the desired design frequency. Fine-tuning the ground plane length to 6.7 mm achieves a
broader bandwidth while maintaining proximity to the desired cut-off frequency.

Figure 4. Effect of the length of ground plane.

3.3. Effect of the Size of Groove

A circular groove is attached to the top-middle of the ground plane to remove the
notched band at 8.82 GHz, the dimension of this groove has a significant effect on the
bandwidth and reflection coefficient. Simulations were carried out on the groove to obtain
a proper radius with good impedance matching and a wide bandwidth. The effect of the
radius of the grove is shown in Figure 5. The desired result is obtained with a radius of
2.46 mm. This groove dimension brings down the notch with a good reflection coefficient
at the second resonant frequency leading to enhanced overall performance of the antenna.

Figure 5. Effect of the size of the center groove.
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The dimensions of this groove play a crucial role in determining the antenna’s band-
width and reflection coefficient. A radius that is too small has a poor reflection coefficient
and a radius that is too big also has an extremely poor reflection coefficient. Therefore,
the radius of 2.46 mm was determined as the optimal dimension for achieving the desired
outcome in terms of reducing the notch and improving the impedance matching.

3.4. Effect of the Size of the Slot on the Edge of the Radiating Patch

The presence of left and right arc cuts along the middle edge of the radiating patch
has a notable impact on the reflection coefficient characteristics of the second resonant
frequency. Moreover, these arc cuts introduce a third resonant frequency and enhance
the antenna’s bandwidth. Figure 6 demonstrates that a larger arc slot produces a band
notch ranging from 7 GHz to 8 GHz with only two resonant frequencies. On the other
hand, an exceedingly small, slotted arc results in a poor reflection coefficient despite having
two resonant frequencies. The desired outcome is achieved when the radius of the arc is
set at 1.6 mm. This radius yields a bandwidth of 10.69 GHz at the resonant frequencies of
4.03 GHz, 9.61 GHz, and 11.48 GHz.

Figure 6. Simulated reflection coefficient curve for different dimensions of the slotted arc on radiat-
ing patch.

3.5. Effect of the Fractal Indentation Ratio

The indentation ratio of the Minkowski fractal plays a crucial role in enhancing both
impedance matching and antenna gain. Figure 7 illustrates the results of simulating this
phenomenon. It is noticeable that a substantial increase in the indentation ratio shifts the
lower cut-off frequency far from the desired frequency. However, this shift is accompa-
nied by improved impedance matching, resulting in the observation of two resonance
frequencies at 4.22 GHz and 9.68 GHz. On the other hand, a very small indentation ratio
creates a band notch between the C and X bands, covering the range from 7.53 GHz to
8.20 GHz. The trade-off involves deciding between moving the lower cut-off frequency
away from the design frequency while maintaining good impedance or moving it to the
design cut-off frequency while creating a band notch. Following numerous parametric opti-
mizations, excellent impedance matching was achieved at an indentation ratio of 0.25 mm.
This configuration offers significantly improved impedance matching and bandwidth, with
a minimum return loss of −34.72 dB at 9.68 GHz and no band notch observed.
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Figure 7. Simulated reflection coefficient curve for different indentation ratios of the fractal antenna.

4. Results and Discussion

The circular Minkowski fractal antenna with a partial ground plane was constructed
using a fire-retardant (FR-4) substrate, which was then measured to confirm its UWB
performance. The reflection coefficient (S11) in decibels (dB) and voltage standing wave
ratio (VSWR) were measured using the VNA with a frequency range of 9 KHz to 13.6 GHz;
connectors were employed for connecting the designed antenna to the VNA. Figures 8
and 9 show the captured S11 and VSWR results, respectively, from the VNA. The top
view and bottom view of the CMFA prototype are shown in Figure 10a and Figure 10b,
respectively. Furthermore, the proposed antenna radiation pattern is examined within an
anechoic chamber, with a horn antenna serving as the receiver and the proposed antenna
as a transmitter, as illustrated in Figure 10c. The radiation characteristics measurement in
the anechoic chamber is shown in Figure 10c,d. The experimental setup for measuring the
reflection coefficient is shown in Figure 10e.

Figure 8. Reflection coefficient of the circular Minkowski fractal antenna.
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Figure 9. VSWR of the circular Minkowski fractal antenna.

The CMFA’s simulated impedance bandwidth spans from 3.17 GHz to 12.45 GHz,
boasting a 118.7% impedance bandwidth. Notably, it achieves a minimum reflection co-
efficient of −34.71 dB at 9.7 GHz and −34.15 dB at 4.06 GHz. The measured impedance
bandwidth of the antenna is observed between 3.37 GHz and 13.6 GHz (with S11 < −10 dB);
this presents an impressive 120.6% impedance bandwidth with a minimum reflection coef-
ficient of −40.03 dB. The antenna exhibits three resonant frequencies: 4.43 GHz, 6.07 GHz,
and 9.3 GHz, rendering it well-suited for multi-functional wireless applications across the
S, C, and X bands. The incorporation of the Minkowski fractal pattern on the antenna
leads to enhancements in bandwidth, impedance matching, and gain. Remarkably, a strong
correlation is evident between the measured and simulated results. Figure 8 depicts the
measured and simulated reflection coefficients of the proposed antenna. The measured S11
closely aligns with the simulated counterpart across the majority of the intended frequency
spectrum. The measurements validate the anticipated UWB traits as predicted in the simu-
lation, albeit with a minor deviation observed at the lower edge frequency. Furthermore,
the measurements substantiate the pass-band characteristics, as demonstrated in Figure 8.
Discrepancies between the measured and simulated outcomes are largely attributed to
fabrication and soldering tolerances of the SMA connector, which are aspects that the
simulation fails to account for. Additionally, the simulation maintains a constant dielectric
loss tangent for the FR-4 substrate, while in reality, this tangent varies with frequency.

Figure 9 illustrates the VSWR for the circular Minkowski fractal antenna. The circular
Minkowski fractal antenna demonstrates a VSWR of less than 2 across the frequency range
of 3.37 GHz to 13.6 GHz, which is a validation conducted through VNA testing. The an-
tenna’s gain is determined utilizing the comparative gain measurement technique within a
5 m × 3 m × 3 m anechoic chamber and is calculated using the following equations [16,21]:

PSG
Pt

=

(
λ

4πR

)2
GtGSG (11)

PAUT
Pt

=

(
λ

4πR

)2
GtGAUT (12)

where R is the distance between the transmitting and receiving antennas, PSG is the power
of the standard gain antenna, GSG is the gain of the standard gain antenna, PAUT is the
power of the antenna under test, GAUT is the gain of the antenna under test, Pt is the power
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of transmitting antenna, Gt is the gain of transmitting antenna, and λ is the operating
wavelength. Dividing Equation (11) by Equation (12),

PSG
PAUT

=
GSG

GAUT
(13)

Converting to dB scale,

PSG|dB − PAUT|dB = GSG|dB − GAUT|dB (14)

GAUT|dB = GSG|dB + 10log10(
PAUT|dB

PSG|dB
) (15)

The measurement is taken at the far field region.

S ≥ 2D2

λ
(16)

where D is the broader dimension of the antenna, and S is the minimum distance between
the transmitting antenna and the receiving antenna.

The radiation pattern was simulated, and measurements were carried out within an
anechoic chamber. Figure 11a–e depict the simulated and measured radiation patterns
at 4.02, 9.07, and 11.48 GHz. In particular, the E-plane radiation patterns, as seen in the
measured data, closely align with the simulation results, exhibiting a figure-of-eight shape
indicative of a robust bidirectional pattern. Conversely, the H-plane pattern appears to be
nearly omnidirectional. Overall, the measured E-plane pattern more closely mirrors the
simulated pattern compared to the H-plane pattern. It is worth noting that the measured
curves display numerous ripples and distortions, likely stemming from factors such as
soldering residue, feed connectors, fabrication, and assembly errors. The simulated and
measured parameters of the CMFA are presented in Table 1. It can be seen that there is a
noticeable enhancement in the antenna’s fractional bandwidth from the measured result.

(a) (b)

Figure 10. Cont.
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(c) (d)

(e)

Figure 10. Fabricated CMFA: (a) front view of the prototype, (b) back view of the prototype,
(c) receiver, (d) transmitter, and (e) reflection coefficient measurement setup.

Table 1. Summary of the simulated and measured parameters of the CMFA.

Parameter Simulated Measured

Highest Frequency (Hf ) 12.45 13.6
Lowest Frequency (Lf ) 3.17 3.37

Operating Band 3.17–12.45 3.37–13.6
Fractional Bandwidth 118.7% 120.6%

Min. Ref. Coef. −34.71 −40.03
Note: Frequency in GHz, Minimum Reflection Coefficient (Min. Ref Coef.) in dB.
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Figure 12 shows the surface current distribution on the CMFA; it can be seen that
different frequencies show different patterns in the surface current. When the frequency
is set to 4.02 GHz, it is more pronounced in the patch’s central arc slot and along the
lower edge of the radiating patch. The surface current also becomes more prominent at
9.7 GHz along the radiating patch’s upper corner and bottom edge. Finally, at 11.48 GHz,
the surface current significantly increases along the radiating patch’s lower edge and arc-
shaped slots, resulting in a variety of behaviors at various frequencies. The interactions
between electromagnetic waves and the radiating patch’s shape at the relevant frequencies
are thought to be the cause of these events. At 4.02 GHz, the surface current is more
noticeable along the bottom edge and the central arc slot of the radiating patch due to
the resonance effects created by the geometry of the patch at that frequency. Similarly,
at 9.7 GHz, the surface current becomes more prominent along the lower edge and upper
corner of the patch due to the specific dimensions and layout of the patch, which resonate
with the electromagnetic waves at that frequency. Lastly, at 11.48 GHz, the notable increase
in surface current along the lower edge and arc-shaped slots can be attributed to another
resonance effect caused by the interaction between the electromagnetic waves and the
intricate features of the patch. In essence, the geometry and layout of the radiating patch
play a critical role in determining how the surface current distribution responds to different
frequencies, resulting in the observed patterns.

The maximum gain, directivity, radiation efficiency, and overall efficiency of the
antenna at various frequencies are shown in Table 2. The antenna’s highest gain, 6.25 dB
precisely at 9.7 GHz, is noteworthy and indicates improved directionality at this frequency.
Additionally, it is clear that as the frequency within the UWB increases, so does the radiation
efficiency and overall efficiency of the antenna. The performance of the proposed antenna
is compared with other existing work in the literature, as shown in Table 3. It is evident
from Table 3 that the proposed CMFA has significantly improved gain and miniaturization
with wideband characteristics.

Table 2. Gain, directivity, radiation efficiency, and total efficiency of CMFA.

Frequency
(GHz) Gain (dB) Directivity (dB) Radiation

Efficiency (dB)
Total Efficiency

(dB)

3.87 2.03 2.79 −0.74 −0.75
4.02 2.10 2.83 −0.73 −0.73
4.04 2.11 2.83 −0.72 −0.73

7 2.52 3.39 −0.61 −0.87
7.23 2.62 3.59 −0.66 −0.98
9.6 6.23 7.17 −0.94 −0.94
9.7 6.25 7.20 −0.95 −0.95

11.46 5.89 7.25 −1.27 −1.35
11.48 5.88 7.24 −1.27 −1.36

12 5.28 6.80 −1.33 −1.51
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(a) (b)

(c) (d)

(e) (f)

Figure 11. Simulated and measured normalized radiation patterns of the circular Minkowski frac-
tal antenna: (a) E-Plane (4.02 GHz), (b) E-Plane (9.7 GHz), (c) E-Plane (11.48 GHz), (d) H-Plane
(4.02 GHz), (e) H-Plane (9.7 GHz), (f) H-Plane (11.48 GHz).
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(a)

(b)

(c)

Figure 12. Surface current distribution on the CMFA at (a) 4.02 GHz, (b) 9.7 GHz, and (c) 11.48 GHz.
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Table 3. Comparison of the designed UWB CMFA with the existing antennas in the literature.

Ref. Substrate Size (mm 3) Resonant Frequency (GHz) Bandwidth
(GHz) Gain (dB) Dielectric

Constant

[22] FR-4 30 × 30 × 1.6 8.2 3.1– 11.7 3.9 4.4

[23] FR-4 30 × 30 × 1.6 4.2, 9.9 3.4–12 4.6 4.4

[24] FR-4 35 × 30 × 1.6 4.5, 6.5,9.5

3–3.22,
3.97–4.94,
5.84–7.25,

7.86-11

4.3 4.4

[25] FR-4 23.9 × 23.9 × 1.405 5.2 3.2–5.34 2.76 4.4

[26] FR-4 30 × 30 × 1.6 2.1, 2.4, 2.7, 4.4, 14.5 2.34–2.47,
4–18 4.4 4.3

[27] FR-4 32 × 32 × 1.6 5.5 1.4–9.6 3.8 4.4

[28] FR-4 87.5 × 61 × 1.6 2.5, 3.8, 5.3 1.8–2.9,
3.4–4.6, 5–5.6 3.34 4.4

[29] Roggers
RT/5880 24 × 30 × 0.787 4,8,12 3–12.7 3.6 2.2

[30] Roggers
RT/5880 30 × 24 × 0.8 4.02, 8.11, 11.85, 15.86 3–17.2 5.6 -

This work FR-4 28 × 28 × 1.6 4.06, 9.7, 11.48 3.37–13.6 6.24 4.4

Note: Ref= Reference, - = not reported.

5. Conclusions

A circular Minkowski fractal antenna of the second order custom-designed for UWB
applications has been presented in this paper. The antenna employs innovative Minkowski
fractal geometry, coupled with modifications to the ground plane and microstrip feedline, re-
sulting in substantial performance improvements across the UWB frequency spectrum. The
viability of this fractal antenna is established through a comprehensive process encompass-
ing design, simulation, fabrication, and measurement. In simulations, the antenna exhibits
an impedance bandwidth of 118%, spanning from 3.17 GHz to 12.44 GHz. In practical
measurements, it demonstrates an impressive impedance bandwidth of 120.6%, ranging
from 3.37 GHz to 13.6 GHz with a minimum reflection coefficient of −40.03 dB. These
characteristics make it a promising candidate for multi-functional wireless applications in
the S, C, and X bands. Comparing the simulated and measured results reveals a strong
correlation and validation of the antenna’s performance through VNA, indicating a VSWR
of less than 2 across the frequency range, which further underscores its suitability for
practical applications. Additionally, an analysis of the surface current distribution unveils
the intricate relationship between the antenna’s geometry and its response to different
frequencies. These insights shed light on radiation patterns and provide valuable data for
future optimizations. In conclusion, the antenna parameters affirm that the designed and
developed circular Minkowski fractal antenna has proven its worth as a promising choice
for UWB applications.
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