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ABSTRACT: This paper presents an enhanced design of a reconfigurable fractal ultra-wideband (UWB) antenna, improved through the
inclusion of parasitic elements. The antenna incorporates two plus-shaped parasitic elements and a hexagonal radiating patch, while
maintaining compact dimensions of 30 mm X 22 mm x 1.6 mm on an FR4 substrate. A partial ground plane with an integrated rectangu-
lar slot is etched on the backside of the resonator. The antenna was designed using HFSS, fabricated, and experimentally validated. The
measured results show good agreement with the simulations. It operates over a frequency range of 4 to 10.57 GHz, with resonant fre-
quencies at 4.7, 7.92, and 10 GHz. The design achieves a gain between 2.76 and 5.83 dB and maintains high radiation efficiency ranging
from 82% to 95%. To further enhance performance, two strategically placed HPND-4005 PIN diodes are incorporated, allowing tunable
resonance characteristics by altering current distribution under various switch configurations. As a result, the reconfigurable antenna
extends its operational bandwidth from 3 to 14 GHz, making it suitable for a variety of wireless applications such as Wi-Fi, WiMAX,
WLAN, and C-, X-, and Ku-band communications. Notably, the design achieves this wideband reconfigurability using only two PIN
diodes while maintaining a compact footprint — offering an advantage over previous designs. Its features support seamless integration
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into compact electronic devices, enabling manufacturers to incorporate multiple antennas with minimal complexity.

1. INTRODUCTION

n an era dominated by wireless communication, antennas are
Iessential components that facilitate the connection between
the digital and physical domains [1-4]. From the towering
structures of broadcast antennas to the minuscule components
inside smartphone, these devices play a pivotal role in ensuring
that one stays connected in our interconnected world [5-8].

One of the key features of fractal antennas is their compact
size, which is a significant advantage in a world where minia-
turization is a constant pursuit [9-15]. By efficiently using
space, fractal antennas can be integrated into a variety of de-
vices, from smartphones and wearable technology to military
equipment and satellites. However, their true potential is un-
locked when parasitic elements are introduced into the antenna.

Parasitic elements are passive components strategically
placed near the radiating elements of an antenna. These ele-
ments can be manipulated to change the antenna’s performance
characteristics [16—19]. They serve as the antenna’s “adjust-
ment knobs,” enabling it to be fine-tuned for specific operating
frequencies or scenarios. By adjusting the parasitic elements,
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the antenna can dynamically switch between different config-
urations, optimizing its performance based on the demands of
the moment. The combination of fractal geometry and parasitic
elements opens up a world of possibilities for wireless com-
munication. A single antenna on a mobile device effortlessly
switches among Wi-Fi, cellular, and satellite communication,
maintaining optimal performance throughout, owing to the
integration of parasitic elements. This level of adaptability is
precisely what reconfigurable fractal antennas with parasitics
promise to deliver. These antennas are not limited to consumer
devices; they have wide-ranging applications in the fields
of telecommunications [20-24], aerospace, and defense. In
satellite communication, for instance, reconfigurable fractal
antennas can adapt to various frequency bands, maximizing the
efficiency of data transfer between Earth and orbiting space-
craft. In military applications, the ability to switch frequencies
and adapt to changing conditions is invaluable. The innovation
of reconfigurable fractal antennas with parasitics also has
significant implications for the Internet of Things (IoT). As
IoT devices continue to proliferate, the need for versatile,
space-efficient antennas becomes increasingly crucial. These
antennas can be embedded in a multitude of IoT devices, from
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FIGURE 1. (a) Frontal plane view of the antenna design; (b) Ground plane configuration of the antenna proposal.

smart home sensors to industrial equipment, ensuring reliable
connectivity in a diverse range of environments. Beyond
the technical advantages, the development of reconfigurable
fractal antennas with parasitics aligns with the broader goals of
sustainability and resource efficiency. Their ability to operate
across multiple frequencies can lead to a reduction in the num-
ber of antennas required for various applications, minimizing
the environmental impact associated with manufacturing and
deployment.

In the constantly evolving field of wireless communication,
the growing need for faster data transfer rates, pinpoint loca-
tion tracking, and efficient short-range communication has cat-
alyzed the emergence of groundbreaking technologies. Lead-
ing this charge is ultra-wideband (UWB) antenna [25-27], a
new technology leading the way in innovation. Diverging from
traditional counterparts, UWB antennas exhibit an exceptional
capacity to operate seamlessly across an extensive frequency
spectrum, ranging from several hundred megahertz to several
gigahertz [28-30]. This distinctive attribute not only facili-
tates rapid data transfer but also opens a gateway to a plethora
of applications, spanning from high-speed data communica-
tion to precision location sensing [31,32]. The article [33]
presents a cedar-shaped coplanar waveguide-fed frequency-
reconfigurable antenna designed for wireless communication.
Using low-cost materials, it incorporates PIN diodes to manipu-
late current distribution and adjust resonant frequencies. Tested
from 2.5 GHz to 10 GHz, it covers aviation service, WLAN,
WiMAX, radio telecommunications, and satellite communica-
tion. In [34], the paper emphasizes the crucial role of cor-
rosion resistance in ensuring the reliability of reconfigurable
filtering antenna, particularly in the realm of UWB applica-
tions. Conventional corrosion prevention methods prove inade-
quate due to the limited intrinsic corrosion resistance of metal-
based devices. The study introduces a corrosion-resistant re-
configurable filtering antenna utilizing a graphene-assembled
film (GAF), showcasing electrical performance comparable to
copper-based antennae. Notably, the GAF-based antenna dis-
plays versatility in transitioning between UWB (2.8-11 GHz)
and narrowband filtering (NBF, 3.23-3.77 GHz) modes, indi-
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cating promising prospects for communication systems in chal-
lenging environments.

The researchers in this study successfully manufactured a
fractal antenna integrated with parasitic elements and a partial
ground plane, known for its wide-ranging performance. This
achievement was made possible by combining fractal slots with
an FR-4 substrate as structural support. Remarkably compact,
with dimensions of 30 mm x 22mm X 1.6 mm, this innova-
tive model exhibits excellent radiation characteristics. It is
highly versatile and well suited for various wireless commu-
nication technologies, operating within the 4-10.57 GHz fre-
quency range. These applications include popular standards
such as Wi-Fi, Bluetooth, WIMAX, WLAN, and C- and X-band
communications.

To further enhance the antenna’s electrical characteristics,
two strategically positioned PIN diodes are integrated. These
diodes play a crucial role in modulating current distribution and
adjusting resonant frequencies through different switch config-
urations. As a result, the reconfigurable antenna extends its
resonance capability to cover the ultra-wideband (UWB) fre-
quency range of 3—14 GHz.

2. DESIGN CONFIGURATION FOR THE PROPOSED
FRACTAL ANTENNA

Figure 1 shows the geometry of the wide-band antenna sug-
gested in this study. The design is meticulously crafted, com-
prising four essential components — the patch, feed line, partial
ground plane, and parasitic elements. Notably, parasitic patch
elements strategically positioned at the top of the antenna con-
tribute to improved impedance adaptation.

After conducting simulations, it was found that placing the
parasitic elements at the top of the antenna yielded the best
results, leading to an expanded reflection coefficient Sy1, in-
creased peak gain, and a reduction in the overall size of the an-
tenna. Experimental results validate these findings, indicating
increased efficiency. Overall, the literature supports that para-
sitic elements effectively enhance gain and radiation patterns,
confirming their crucial role in superior impedance adaptation.
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TABLE 1. Details of the suggested antenna.

Parameters L | W

R

Wi Rg

Values (mm) | 30 | 22
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FIGURE 2. Phases adopted to attain the ideal design for the proposed antenna.

The antenna itself features a modified hexagonal radiator, sim-
ply printed on a cost-effective FR4 substrate. On the opposing
side of the substrate, a partial ground plane is incorporated, dis-
tinguished by an integrated rectangular slot with a thickness of
A = 0.5mm, enhancing the overall performance. Incorporat-
ing a partial ground plane with an integrated rectangular slot
of a thickness of A = 0.5 mm, significantly enhances antenna
performance. The ground plane improves gain while the rect-
angular slot introduces additional resonant modes, resulting in
broader bandwidth and better impedance matching. As seen in
simulations, these modifications lead to increased bandwidth
and improved gain and radiation patterns. Additionally, the
slot acts as an extra radiating element, enhancing coupling with
the feed line and overall efficiency. Existing literature supports
these benefits, demonstrating the effectiveness of this design
modification. The dielectric substrate chosen for this antenna
design has a thickness of 1.6 mm, ensuring optimal functional-
ity. In this work, a microstrip feed line of impedance 50 2 is
adopted, further contributing to the antenna’s efficiency. The
meticulous optimization of the antenna was conducted using
the High-Frequency Structure Simulator (HFSS). The specific
dimensions of the proposed antenna are detailed in Table 1,
providing comprehensive insights into its size and proportions.
With a compact form factor of 30 mm x 22 mm, this antenna
stands as a testament to the fusion of precision engineering and
advanced optimization techniques, promising superior wide-
band performance.

39

In this study, the utilization of fractal geometry is integral
to enhancing the performance of a patch antenna. The frac-
tal geometry relies on a hexagonal structure that repeats itself
with a reduction factor of 3/4. The antenna evolution process
commenced with a basic hexagonal shape as the initial con-
figuration (refer to Fig. 2(a)), which included a circular par-
tial ground. To identify the resonant frequency of a hexagonal
patch antenna, (1), which pertains to a circular strip patch an-
tenna and is documented in [35] and [36], was employed.

YmnC

" 5.714R, ey

In the context where c represents the speed of light in free space,
and ¢, is the effective dielectric constant, for the TM;; mode,
Ymn takes the specific value of y;1 = 1.8412. Furthermore, the
effective radius (R, ) of the circular patch antenna is determined

using (2).
In TR,
2h

RQ:RC\/1+

R, signifies the radius of the circular patch antenna.

By establishing equivalence in the areas of circular and
hexagonal patch antennas, one can employ the resonant fre-
quency for the purpose of hexagonal patch antenna design

fr (1

2h
R.me,

> + 1.7726) )

TR = 3\/552 3)
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where S represents the side length of the hexagonal patch an-
tenna.

The initiator design of the suggested antenna employed a
fundamental hexagonal patch, operating at a frequency [4.55—
6.34] GHz. The side length (S) of the conventional hexagonal
patch antenna was calculated to be 9 mm using (1) through (3).
The exact resonant frequency of the hexagonal patch antenna
can be determined through simulation, where the f, parame-
ter is analyzed. Fig. 3 demonstrates the antenna’s performance
through different iterations of the design. By examining the
fr results from these simulations, it is possible to identify the
frequency at which the antenna achieves optimal performance,
thus pinpointing the exact resonant frequency within the spec-
ified range of [4.55—6.34] GHz. This process allows for a clear
understanding of how design changes impact the resonant char-
acteristics of the antenna.

0
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FIGURE 3. Si1 parameter evaluation across different design phases.

Subsequent iterations aim to refine and broaden the antenna’s
frequency response. In the first iteration (Fig. 2(b)), a hexago-
nal shape where a disk is cut inside it has been added to the res-
onator, extending the frequency range to [4.14-7.8] GHz. To
further optimize matching, a third circle-inscribed hexagon is
incorporated into the radiator in iteration 2 design (Fig. 2(c)),
resulting in a new frequency band of [4.28-5.36] and [7.34—
9.55]. Successive iterations 3, 4, and 5 (Figs. 2(d), (e), and (f))
involve the addition of circle-inscribed hexagonal radiators,
strategically chosen to achieve a wide band response within the
target frequency range.

In the sixth iteration in Fig. 2(g), a single hexagonal radia-
tor is centrally added to the patch, providing a broad frequency
band of [4.14-7.16] GHz. The seventh iteration in Fig. 2(h)
introduces a modification to the ground, incorporating a rect-
angular slot with a 0.5 mm thickness. This modification leads
to a considerably broader bandwidth of 4.9 GHz.

Furthermore, in the proposed antenna, the inclusion of para-
sitic patch elements, in the form of two plus-shaped structures
attached to the antenna’s top, serves as an additional technique
to enhance performance as seen in Fig. 2(i). These parasitic el-
ements are strategically designed to broaden the bandwidth of
the patch antenna by an impressive 6.57 GHz.

The entire design process involves a thoughtful combination
of fractal geometry, iterative adjustments to the patch structure,
and the incorporation of parasitic elements. The simulation re-
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sults and optimization processes undertaken throughout these
iterations are aimed at achieving specific performance parame-
ters for the antenna, ultimately producing a wideband response
within the target frequency range.

This patch exhibits compatibility with a diverse range
of wireless communication technologies, including Wi-Fi,
WLAN, WiMAX, and Radar Systems, spanning the C and X
bands. The frequency spectrum covered by this patch ranges
from 4 GHz to 10.57 GHz, encompassing a portion of the
IEEE-defined C-band and aligning with the broader X-band.
Although the antenna’s coverage does not extend across the
entire X-band spectrum, it is adept at supporting numerous
applications within these specified frequency ranges. Fig. 3
illustrates the S;; parameter across various stages of the
design. It offers a visual representation of how the S1; values
evolve as the design progresses, providing valuable insights
into the antenna’s performance characteristics throughout its
development.

3. RESULTS AND DISCUSSION

To demonstrate the exceptional performance of the suggested
antenna design, this section presents both simulation and mea-
surement results. An essential element of this design is the
use of an FR4 substrate with optimal dimensions of 30 mm X
22mm x 1.6 mm, which is used to fabricate the proposed frac-
tal antenna. The antenna size is specified in terms of the lowest
resonating frequency as 0.166 x 0.226A x 0.012\.

To assess the antenna’s performance, a vector network an-
alyzer was employed to measure its reflection coefficient. In
Fig. 4, the physical prototype of the hexagon-shaped fractal an-
tenna is depicted, showcasing its front Fig. 4(a), back Fig. 4(b)
views, and its placement inside the chamber Fig. 4(c). In Fig. 5,
a comparison between the reflection coefficient responses ob-
tained through experimentation and simulation is provided.
Notably, these results exhibit a remarkable level of agreement.
Some disparities exist between the measured and simulated out-
comes. These disparities can be attributed to various factors,
including environmental conditions, the effects of SMA solder-
ing, substrate quality, and fabrication process inaccuracies.

To assess the proposed wideband antenna’s reflection coef-
ficient, we utilized a Vector Network Analyzer (VNA). The
results show a close match between the simulated and mea-
sured reflection coefficients, affirming the antenna’s wideband
functionality across a diverse frequency spectrum as shown in
Fig. 5. Nevertheless, a slight variance was noted, likely at-
tributed to manufacturing and measurement conditions. The
discrepancy between the simulated and measured results of the
FR4 patch antenna, as illustrated in Fig. 5, can be largely at-
tributed to substrate instability, which causes significant vari-
ations in dielectric properties and leads to performance mis-
matches. Additionally, fabrication tolerances can introduce di-
mensional variations, while environmental conditions during
measurement may not align with the assumptions made in the
simulations. Variations in the feeding mechanism or impedance
matching may also contribute to the observed differences.

The recommended antenna boasts a broad frequency
range of 6.5GHz, encompassing frequencies from 4 GHz
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FIGURE 5. Comparison of simulated and measured S1; reflection co-
efficients.

to 10.57 GHz, with resonant frequencies identified at 4.7,
7.9, and 10GHz. This design facilitates wide coverage,
including WiFi/WLAN (5.2GHz (5.15-5.35 GHz)/5.8 GHz
(5.725-5.825 GHz)), 3.5GHz (3.3-3.8 GHz), 5.5 GHz (5.25—
5.85GHz), and (5.25-5.85 GHz) for (WiMAX), C band (4 to
8) GHz, and X band (8 to 12) GHz.

Anechoic chamber serves as a meticulously controlled envi-
ronment, eliminating external noise and interference. This con-
trolled setting enables precise measurements of the antenna’s
radiation pattern, gain, and efficiency. Utilizing an anechoic
chamber ensures that measurements remain unaffected by re-
flections from nearby objects, ground, or other structures, pre-
venting distortions in the results. In Fig. 6, the peak gains
graph illustrates a close alignment between the simulated and
measured values. This alignment reinforces the reliability of
the measurements. According to the data, the proposed an-
tenna demonstrates peak realized gains ranging from 2.78 dB
to 5.83 dB.

The notable simulated radiation efficiency of 95% highlights
the effective energy radiation capability of the suggested an-
tenna across various frequencies within its operating band. The
measured radiation efficiency, ranging from 82% to 95% across
the band, solidifies the antenna’s efficiency in transmitting or
receiving signals across the entire frequency spectrum.

The drop in gain and radiation efficiency near 10 GHz is
mainly due to the increased dielectric losses of the FR4 sub-
strate at high frequencies. As frequency rises, FR4 absorbs
more electromagnetic energy, which reduces radiation effi-
ciency and degrades overall antenna performance.
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FIGURE 7. Comparison of simulated and measured radiation efficien-
cies.

Figure 7 presents a visual representation of these radiation ef-
ficiency values, offering crucial insights into the antenna’s per-
formance. The consistently high radiation efficiency observed
throughout the operating band positions the antenna as a com-
pelling choice for diverse applications requiring efficient signal
transmission or reception at varying frequencies.

Figure 8 presents the simulated and measured two-
dimensional radiation attributes of the recommended fractal
antenna. The analysis is performed on the Y Z and X Z planes
at three distinct frequencies: 4.76 GHz, 7.92 GHz, and 10 GHz.
Observations in the figure indicate that the designed antenna
displays bidirectional radiation characteristics in the Y Z
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TABLE 2. Performance comparison between the proposed antenna and reference designs from existing literature.

. 3 Type of Bandwidth Resonant Peak Efficiency Antenna
Ref. Size (mm”) . .
Substrate (GHz) Frequency (GHz) | Gain dB % Design
3.86-3.94 38 Sierpinski carpet
9] 40 x 40 x 1.6 FR4 5.96-7.38 5.66 - - frarftal amen?l’a
8.2-8.9 8.3
5.16, 6.6, 7.211, Slot-based triangular
10 40 x 35 x 1.6 FR4 5-10 - -
[10] o 8.32,9.96 patch fractal antenna
3.50-3.56 3.53 I sha
[11] 38 x 38 x 2.4 FR4 6.58-6.61 6.54 6 - fract:] arieema
8.4-8.52 8.48
4.30-4.37
4.95-5.1
431, 5.05, 6.30 Fractal
[12] 60 x 55 x 1.59 FR4 6.17-6.32 S| 108487 ; Kochricnfenna
7.48-7.50 o
9.21-9.24
7.16-8 7.6 Pentagonal-shaped
[13] 1616 x 0.8 FR4 11.5-12.39 12 i i fractal antenna
35,4 Slot
14 24 1. FR4 3.3-6.0 > - 95
[14] X 36 x 1.6 45,55 fractal antenna
E TOCK
[16] 35 X 35 X % CCOSTOC 3.30-4.38 39 - - Parasitic patch
HIK
[17] 25 x 34.5 x 1.575 IST(’E;;SO 2.75-4.23 3.14 222102.77 92 Slotted Parasitic
[18] 30 x 32 x 1.6 FR4 3.8-9 >8 ; - U-shaped radiator
8.2 and parasitic strip
5.3 S
[19] 40 % 70 x 1.6 FR4 4.89-6.85 6.5 87 >quare
6.5 parasitic elements
[20] 22 x22x 1.6 FR4 3.3-7.1 35,45, 4.6-6.2 48-89 MIMO
5.5,6.5 antenna arrays
4.5 Fractal
21 15x30x 1 FR4 4.1-6 - -
[21] X oU X 5 MIMO antenna
The Proposed | 30 x 22 x 1.6 FR4 4t0 10.57 4.76,7.92, 10 2.76t05.83| 82t095 Parasitic patch
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FIGURE 8. Radiation patterns of the hexagonal fractal antenna at selected frequencies at (a) 4.76 GHz, (b) 7.92 GHz, and (c) 10 GHz: a comparison

of simulated and experimental results.

plane and omnidirectional properties in the X Z plane. These
valuable characteristics enable the recommended antenna to be
a strong option for several applications.

Table 2 presents a comparison between the recommended
antenna and others found in existing literature, focusing on
Size, Type of Substrate, Bandwidth, Resonant Frequency, Peak

Gain, Efficiency, and Antenna Design. The proposed slot-
based triangular patch fractal antenna, as suggested by [10],
operates within the 5 to 10 GHz bandwidth, with dimensions of
40mm x 35 mm and resonates at frequencies 5.16, 6.6, 7.211,
8.32, and 9.96 GHz. In contrast, [13] introduces a dual-band
antenna with a size slightly smaller and operating from 7.16 to
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FIGURE 9. Modeling the circuit equivalents for (a) ON state; (b) OFF
state.

8 GHz and 11.5to 12.39 GHz on an FR4 substrate. The antenna
in[14], designed for wireless computer networks like Wi-Fi and
C-band, boasts a bandwidth from 3.3 to 6 GHz and an efficiency
exceeding 92%. Conversely, the antenna in [16] has a larger
size of 35 mm x 35 mm and operates in a narrow band with an
ECCOSTOCK HIK substrate. Ref. [19] presents a patch with
dimensions of 40 mm x 70 mm x 1.6 mm, a bandwidth of 4.89—
6.85 GHz, and a peak gain of 6.5 dB.

Compared to these alternatives, the antenna proposed in this
communication exhibits exceptional characteristics: compact
size, UWB capability, and high gain, ensuring efficient cover-
age across operational bands.

4. RECONFIGURABLE ANTENNA

In the envisioned antenna design, PIN diodes are employed
for reconfiguration purposes owing to their compact dimen-
sions and swift switching capabilities. This is attributed to their
ability to modify the electrical length of both the radiator and
ground plane, enabling the desired current flow based on the
diode’s state. To integrate the PIN diode, into the recommended
antenna structure, we incorporate lumped resistance-inductor-
capacitor (RLC) components.

To enable electronic reconfiguration in the proposed design,
we created an equivalent circuit model for PIN diodes, as vi-
sualized in Fig. 9 and its datasheet [37]. In the “ON” state, a
low-value resistor is in series with a 0.15 nH inductance to fa-
cilitate current flow.

As a result, the electrical length of the radiator and ground
plane increases, connecting the conducting portions of the an-
tenna, as shown in Fig. 9(a). Conversely, in Fig. 9(b) the re-
verse state is depicted where a high-value resistor (7 k) is con-
nected in parallel with a 0.017 pF capacitor, and this combina-
tion is then placed in series with a 0.15nH inductor. The ele-
vated resistance and capacitance values prevent current flow in
the reverse bias condition, accounting for the diode’s blocked
state. The circuit comprises a direct current (DC) source, with
two voltage settings: 3 V in the forward direction and 0 V in the
reverse direction. This source is linked in series with a 1 K-ohm
resistor to regulate the current flow. Subsequently, it is also
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D14 £D2

FIGURE 10. Diodes placement in antenna configuration.

connected in series with a 68 nH inductor designed to impede
the alternating current [38]. This leads to a frequency range
spanning from 3 GHz to 14 GHz.

Utilizing Ansoft HFSS to simulate PIN diodes offers versatil-
ity in terms of adapting to various resonance frequency bands.
Two diodes are positioned within the antenna setup, situated
between the parasitic elements and the main patch of the an-
tenna, as illustrated in Fig. 10. These diodes serve as integral
components, actively shaping and controlling signal character-
istics for efficient transmission and reception. This arrange-
ment highlights the pivotal role of diodes in optimizing the an-
tenna system’s overall performance, making it well suited for
diverse application.

In Table 3, the states and positions representing different con-
figurations of the PIN diodes are categorized. The electrical
length of the antenna is determined by the ON/OFF states of the
switch. In this table, ‘0’ signifies the OFF state, while ‘1’ sig-
nifies the ON state. Four modes are discussed, encompassing
a voltage standing wave ratio (VSWR) within the 1-2 range,
a wide bandwidth, reasonable gain, and exceptional radiation
efficiency across all operational frequencies.

Figure 11 illustrates the simulated and measured reflection
coefficients across four distinct operating modes: (a) Mode I;
(b) Mode II; (c) Mode III; and (d) Mode IV.

Figure 12 presents a comprehensive view of the simulated re-
configurable antenna’s performance across four distinct switch-
ing modes, offering valuable insights into its functionality and
effectiveness. The three subplots within Fig. 12(a) peak gain,
(b) radiation efficiency, and (c) VSWR provide critical data
points that are essential for assessing the antenna’s capabilities.
(a) peak gain showcases its maximum gain in different config-
urations. The radiation efficiency, found in (b), reveals how ef-
ficiently the antenna converts input power into radiated energy,
and (c) VSWR gives insights into its voltage standing wave ra-
tio, indicating how well the antenna impedance matches that
of the transmission line. In terms of impedance matching, the
VSWR consistently remains between 1 and 2 throughout the
entire operational bandwidth, ensuring efficient energy trans-
fer and peak performance for all modes. This comprehensive
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TABLE 3. Various pin diode configurations and their respective operating frequency ranges.

Mode Diodes Frequency Resonance Peak Radiation
D1 | D2 band GHz frequency (GHz) gain (dB) efficiency %

I 00 3:9-10.3. 4.66/7.71/9.81/12.69 24107.1 0.-8-0.95.

10.88-14 0.89-0.98

I 0 1 3.26-4.22, 3.61/5.79/9.37/10.68/12.25 1.7 to 6.57 0.80-0.89,

5.27-14 0.75-0.96

3422, 0.89-0.92,

11 1 1 8.66-9.76, 3.53/9.32/12.77 1.57t0 8.3 0.76-0.88,
10.71-13.85 0.87-0.97

3.21-4.31, 0.80-0.90,

v 1 0 5.36-10.24, 3.70/5.97/9.72/12.86 1.7 t0 5.36 0.73-0.94,
11.03-13.91 0.87-0.95

dB(S(1,1))

dB(S(1,1))

-30

10 12 14

Freq[GHZz]
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dB(S(1,1)

10
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FIGURE 11. Simulated and measured S11 at the four operating modes: (a) Mode I; (b) Mode II; (c) Mode III; and (d) Mode IV.

visualization serves as a vital resource for understanding the
antenna’s performance under varying conditions.

4.1. Mode I: D1 D2 OFF

Figure 11 shows the simulated and measured S;; characteris-
tics for mode 1 of the antenna, with all switches in the OFF
position. This mode reveals that the antenna behavior across
a broad frequency range, spanning 3.9-10.3 GHz and 10.88—
14 GHz, with notable resonances occurring at 4.66, 7.71, 9.81,
and 12.69 GHz, is accompanied by varying peak gains, rang-
ing from 2.4 to 7.1 dB, making the antenna adaptable to dif-
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ferent signal strength and clarity requirements. Furthermore,
the antenna’s radiation efficiency varies from 0.8% to 0.98%
across the frequency bands, demonstrating its capability to per-
form optimally under diverse conditions. This comprehensive
analysis underscores the antenna’s versatility and suitability for
a wide range of communication and signal-processing applica-
tions. A wideband antenna operating from 3.9 to 10.3 GHz, and
10.88 to 14 GHz covers a broad range of frequencies, making it
versatile for various applications. In the lower part of this fre-
quency range (3.9 GHz to 6 GHz), the antenna can be employed
for terrestrial and satellite communication systems. It is well
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FIGURE 12. Simulated antenna performance in four switching modes: (a) peak gain; (b) radiation efficiency; (c) VSWR.

suited for Wi-Fi, WiMAX, and point-to-point microwave links,
enabling high-speed data transmission and long-distance con-
nectivity. Moving into the higher frequency range (6 GHz to
14 GHz), the antenna finds use in radar applications, both mili-
tary and civilian, which includes weather radar, air traffic con-
trol radar, and automotive radar for collision avoidance. With
its wide frequency coverage, this antenna is a valuable tool for
a range of modern communication and sensing systems.

4.2. Mode Il: D10FF D20ON

The improved mode of the reconfigurable antenna presents a
dual-band performance, covering the frequency ranges of 3.26—
4.22 GHz and 5.27-14 GHz. Within these bands, the antenna
exhibits notable resonances at specific frequencies: 3.61 GHz,
5.79 GHz, 9.37GHz, 10.68 GHz, and 12.25GHz. Further-
more, the antenna demonstrates radiation efficiency ranging
from 0.80% to 0.89% in the lower band and 0.75% to 0.96%
in the higher band. The peak gain of this reconfigurable an-
tenna varies across its operating range, with values ranging
from 1.7 dB to 6.57 dB. Such characteristics make this antenna
well suited for a variety of applications, including telecommu-
nications, radar systems, and wireless communication, where
dual-band operation and high selectivity are crucial for optimal
performance.

An antenna designed to operate in the 3.26—4.22 GHz and
5.27-14 GHz frequency ranges finds applications across a spec-
trum of modern technology. The lower frequency range, 3.26—
4.22 GHz, is well suited for everyday wireless connectivity, in-
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cluding Wi-Fi and Bluetooth, providing the backbone for seam-
less internet access and device communication. Meanwhile, the
broader span of 5.27—14 GHz sees utilization in more advanced
systems, such as X-band radar for weather monitoring and mil-
itary applications, Ku-band satellite communication for global
data transmission, and point-to-point microwave links ensuring
high-capacity, long-distance data exchange.

4.3. Mode Ill: D1 D2 ON

The enhanced configuration of the reconfigurable antenna of
this mode offers a tri-band performance, encompassing fre-
quency bands from 3 to 4.22 GHz, 8.66 to 9.76 GHz, and
10.71 to 13.85 GHz. This antenna operates at resonant frequen-
cies of 3.53, 9.32, and 12.77 GHz, delivering a peak gain that
varies from 1.57 to 8.3 dB and radiation efficiency ranging from
0.76% to 0.97% within its operating bands.

In the lower frequency band of 3 to 4.22 GHz, the antenna
aligns with applications such as Wi-Fi and Bluetooth, enabling
wireless connectivity and communication in homes, offices,
and public spaces. Meanwhile, in the higher bands, it serves in
more advanced roles, including X-band radar for weather mon-
itoring, Ku-band satellite communication for global data trans-
mission, and point-to-point microwave links, ensuring high-
capacity, long-distance data exchange. This wide frequency
coverage showcases the antenna’s versatility, spanning from
everyday connectivity to critical radar and satellite communi-
cation systems.
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TABLE 4. Performance comparison of the proposed reconfigurable UWB antenna and some existing designs in the literature.

Ref. Type of Size Cover No
substrate (mm?) band (GHz) diode
[25] FR4 36 x 34 2.8-10.3 2
[26] FR4 25 x 21 3.1-10 2
[27] FR4 42 x 32 2.7-14.9 1
[28] Rogers RO5870 50 x 50 1-10 2
[29] FR4 36 x 46 3-11 4
[30] ROJERS 35 x 24 2.8-13 3
[31] FR4 30 x 30 2-12 2
[32] FR4 30 x 35.5 3.53-9.56 3
[33] FR4 40 x 60 2-10 3
[34] Rogers 5880 35 x 55 2.8-11 2
[38] ROGERS TMM4 17 x 23 2.8-10.6 2
[39] FR4 52 x 59 182361 4
5.24-12.43
Proposed antenna FR4 30 x 22 3-14 2

4.4. Mode IV: D1ON D20FF

The upgraded design of this reconfigurable antenna mode pro-
vides triple-band performance across frequency ranges span-
ning from 3.21 to 4.31 GHz, 5.36 to 10.24 GHz, and 11.03 to
13.91 GHz. Functioning at resonant frequencies of 3.70, 5.97,
9.72, and 12.86 GHz, the antenna yields a peak gain ranging
from 1.7 to 5.36 dB, coupled with radiation efficiency ranging
from 0.73% to 0.95% within its operational bands.

The novel antenna was assessed against recent models, high-
lighting its uniqueness. Table 4 summarizes the comparison,
revealing its advantages in terms of increased passbands, flex-
ibility, cost-effectiveness, and a more compact size. The find-
ings underscore the superior performance of the recommended
antenna in various aspects.

5. CONCLUSION

This paper presents an innovative design for a fractal reconfig-
urable ultra-wideband (UWB) antenna. The antenna incorpo-
rates two plus-shaped parasitic elements and a hexagonal ra-
diating patch while maintaining a compact size of 30 mm x
22mm X 1.6 mm, thanks to the cost-effective FR4 substrate.
A partial ground plane with an integrated rectangular slot en-
hances performance. The design was meticulously developed
using HFSS, and the fabricated prototype demonstrated excel-
lent agreement between measured and simulated results. A key
distinguishing feature of this antenna is the integration of two
strategically placed PIN diodes, enabling precise control over
current distribution and tunable resonant frequencies through
various switch combinations. This reconfigurability signifi-
cantly extends the operating bands from 3 to 14 GHz, enhancing
frequency coverage and overall antenna performance. Addi-
tionally, its compact dimensions make it an attractive option for
manufacturers’ integrating multiple antennas into small elec-
tronic devices without design complications. This enhanced
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design represents a significant advancement in UWB antennas,
offering both versatility and high performance for modern wire-
less communication applications.
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