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ABSTRACT: This paper presents the design, optimization, and experimental validation of a compact ultra-wideband (UWB) circular
monopole antenna achieving a 3.05-23.04 GHz impedance bandwidth on a low-cost FR4 substrate (e, = 4.4, 0.8 mm thick, 30 x 20 mm?).
The structure incorporates dual crescent-shaped slots and a defected ground structure (DGS) to enhance bandwidth and gain. The antenna
was designed and optimized using ANSYS HFSS. Parametric optimization through four design steps demonstrated the impact of feed
offset, slot incorporation, and ground-plane modification on impedance matching. The measured S11 < —10dB covered a UWB,
spanning the sub-6 GHz, C, X, Ku, and K bands, with radiation efficiency of about 86% across the band. The antenna exhibited a peak
gain of up to 6.6 dBi with nearly omnidirectional radiation at lower frequencies and more directive patterns at higher bands. Simulated
and measured results validated the wideband performance and high radiation efficiency, and they agree within £2 dB in gain in the band
up to 18 GHz. The design enables cost-effective deployment in high-speed wireless data transmission, 5G, 10T, radar, and biomedical

imaging applications.

1. INTRODUCTION

Itra-wideband (UWB) technology has become one of the

most attractive solutions for high-capacity and short-range
wireless communication since the Federal Communications
Commission (FCC) allocated the frequency range of 3.1-
10.6 GHz for unlicensed use in 2002. Planar UWB monopole
antennas are pivotal in communication and imaging systems
requiring a wide bandwidth and easy integration. Operating
within the FCC-defined UWB range of 3.1-10.6 GHz, these
compact radiators leverage innovative geometries such as
slots, fractal patterns, and multiport networks to achieve addi-
tional resonances and targeted notches without significantly
increasing their size [1]. For example, a planar monopole with
a ribbon-shaped slot operates from 3.1 to 10.8 GHz on an FRy
substrate, demonstrating the effectiveness of slotted designs
in achieving wide bandwidth within a compact form [2].
This concept is further advanced through a circular octagonal
slot configuration, providing multi-resonant performance and
enhanced compactness for UWB applications [3]. In [4,5],
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the presented monopole antennas preserve UWB operation
while using SRR cells and L-shaped slits, respectively, to in-
troduce precise band rejection characteristics. This frequency
range supports high-speed wireless networks and miniature
radar systems, with advanced designs extending to higher
frequencies [6,7]. Microstrip patch antennas, particularly
compact and versatile designs, are critical for modern com-
munication systems, such as 5G and radar/internet of things
(IoT) applications. Circular patch antennas with slots offer a
low profile, easy integration, and multi-resonant capabilities,
making them ideal for sub-6 GHz to mmWave bands [8].
The strategic placement of slots or coupling elements on the
radiator or ground plane enables multi-band responses [9]. In
UWB microstrip antennas, the radiator geometry and defected
ground structures (DGSs) control the current distribution, input
impedance, and rejection or folded bands [10-12]. Combining
patch geometries with a DGS expands the bandwidth and
introduces specific notches [13, 14]. Common patch shapes are
rectangular, circular, annular, elliptical, crescent, triangular,
fractal, and polygonal, and they interact with DGS patterns
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to achieve targeted UWB performance [10,11,13,15,16].
Circular, annular, and octagonal patches are favored for their
simple mode arrangement, often paired with modified ground
elements or DGS for notches or specific bands [11, 16—18].
Elliptical patches provide geometric flexibility for tailoring
impedance and current distribution, using slots or folding
elements for targeted notches [16,19-22]. Crescent-shaped
patches and curved designs introduce asymmetry in mode con-
trol and slot integration, enabling notches in specific spectral
positions, often with conical or tailored microstrip feedlines for
compact medical or biomedical applications [23,24]. Polyg-
onal (e.g., pentagonal, hexagonal) and fractal patches with
internal patterns such as fractal or Sierpinski slots generate
multiple spectral peaks or enhanced notches, leading to an
extended bandwidth [25,26]. Designers achieve wider bands
and multi-band functionality using radiator slots (e.g., cres-
cent, U-shaped, elliptical), surface-loading techniques such as
frequency selective surfaces, electromagnetic band-gap (EBG)
or split ring resonator structures, and coplanar waveguide
(CPW) or microstrip feeds to enhance gain and isolation while
maintaining a broad bandwidth [27-30]. A compact UWB
monopole with a ribbon-shaped slot demonstrates an ultra-
wide impedance bandwidth and near-omnidirectional radiation
suitable for indoor environments [31], whereas a slotted cir-
cular patch configuration effectively controls resonant modes
to achieve broad bandwidth and stable monopole radiation
characteristics [32]. Optimized DGS configurations (e.g.,
rectangular, Pi/T-slots) adjust impedance, widen bandwidth,
or create notch resonances, with studies offering benchmarks
for return loss and ground ergonomics[13, 14,33]. Reduced
ground planes with DGS and tailored radiators maintain gain
and isolation while minimizing size, which is crucial for
portable and biomedical devices [10, 12-14,33-36]. UWB
antennas support applications in biomedical imaging (e.g.,
breast or kidney cancer detection) [37, 38], wireless body area
networks (WBANS), IoT systems [39], geophysical detection
(GPR) [40], automotive networks, and Wi-Fi/WLAN with
reconfigurable notches [7,41-45]. Practical trends involve
substrates such as FR-4, kappa, or flexible materials, along
with integration solutions such as baluns, adaptable notches,
and metamaterials, enabling miniaturized UWB designs
for 3-24 GHz systems in MBAN/WBAN and IoT applica-
tions [5,46]. The demand for compact, wide-bandwidth, and
multi-resonant antennas for 5G and [oT drives UWB and planar
monopole designs, offering simple integration and low profiles
for mobile and IoT devices [47—49]. The recent research on
UWB printed monopole antennas has focused primarily on
achieving broad impedance bandwidths while maintaining
the inherent advantages of this class of antennas [30,49].
However, many reported structures still suffer from limited
bandwidth extension, particularly toward the lower edge,
owing to profile constraints and performance degradation at
higher frequencies due to substrate limitations. In this context,
there remains a need for simple antenna geometries capable of
covering not only the classical UWB range but also the upper
microwave region beyond 10.6 GHz for emerging wideband
applications. In this study, we develop a compact printed
monopole antenna in a progressive, step-by-step manner,
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where each geometric modification contributes to bandwidth
enhancement. Although the initial aim of this work was to
develop a compact UWB monopole antenna that covers the
conventional FCC UWB, the stepwise optimization techniques
have led to a much broader operating range extending up to
23 GHz. This result is particularly relevant given the grow-
ing interest in wide-band and multi-band wireless systems.
However, the implementation of such extended UWB designs
on low-cost FR4 substrates poses a serious challenge. FR4
is known to exhibit increased dielectric loss, dispersion, and
reduced stability above approximately 12 GHz, which can af-
fect both the impedance matching and the radiation efficiency
of the prototype. The research on UWB printed monopole
antennas has increasingly focused on achieving extremely
wide impedance bandwidths while maintaining their inherent
advantages, such as simple geometry, low cost, and ease of fab-
rication. Although FR4 is traditionally considered unsuitable
for millimeter-wave applications owing to its dielectric losses,
it continues to be widely used in antenna applications owing
to its affordability, fabrication simplicity, and acceptable
performance when being properly optimized. Several studies
have demonstrated that FR4-based antennas can operate at
frequencies above 12 GHz. A compact triple-band antenna on
FR4 operating up to 14 GHz with good impedance matching
and an efficiency reaching 87% was reported in [24]. A
broadband FR4-based antenna for 5G mmWave applications
was designed in [50]. The design operates in the 23-29 GHz
range, achieving a 5dBi gain. A low-profile, high-efficiency
(87%), 28 GHz microstrip antenna with SIW integration on
FR4 was developed in [31]. Similarly, a UWB FR4 design is
presented in [51], covering 3.2-23.9 GHz while maintaining
stable radiation patterns and a peak gain of 6.2 dB.

This paper proposes a compact circular patch antenna with
dual crescent slots, operating from 3 to 24 GHz, tailored for
sub-6 GHz and partially millimeter-wave 5G and radar/IoT ap-
plications. By introducing crescent slots, the design achieves
multiple resonances and UWB without compromising the low
profile or ease of integration. Crescent slots have been proven
for multi-band or wide-band responses in compact wireless
systems [52,53] with slot geometry critical for 5G applica-
tions [54]. Recent studies have highlighted crescent slots
for WLAN and ISM bands, showing enhanced bandwidth an-
tenna designs [55-57]. The proposed dual-crescent-slot circu-
lar monopole antenna targets UWB (3—24 GHz) performance
for future 5G and IoT applications, building on findings that
crescent slots enable multi-band responses [48, 58, 59]. The de-
sign emphasizes compactness, wide impedance bandwidth, and
efficient radiation, while avoiding overly complex geometries
or auxiliary structures. Compared with existing UWB antennas,
the proposed antenna achieves a broader operating range and
higher versatility, positioning it as a promising candidate for fu-
ture high-data-rate and multi-standard communication systems.

2. PROPOSED ANTENNA DESIGN

The proposed antenna is a compact printed monopole designed
on an FR4 substrate (¢, = 4.4) with overall dimensions of
30 x 20 x 0.8 mm? (Figure 1). The top surface comprises a cir-
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FIGURE 1. Proposed UWB slotted circular shaped monopole antenna.
(a) Top and (b) bottom view.

cular radiating patch with radius Ry= 7.25 mm, modified with
two concentric crescent-shaped slots and excited by a 50 {2 mi-
crostrip feed line offset from the patch center. A partial ground
plane was implemented on the bottom surface by incorporating
a rectangular notch to achieve proper impedance matching and
enhance the frequency bandwidth.

The combination of a circular patch with crescent-shaped
slots, offset feeding, and a defected ground structure enables
the antenna to excite multiple resonant modes, achieving ultra-
wideband functionality in a compact form suitable for modern
wireless applications. The antenna dimensions were optimized
to ensure proper impedance matching and stable omnidirec-
tional radiation across the entire UWB spectrum. Table 1 sum-
marizes the optimized geometrical parameters of the proposed
antenna. The optimized design ensures high performance and
makes the antenna suitable for modern wireless communica-
tions.

TABLE 1. Optimized geometrical parameters of the proposed antenna.

Parameter | Value (mm) | Parameter | Value (mm)
L, 31 R3 4.5
Wi 20 Ry 2
Ly 14.2 a 9
Wy 1.5 da 0.5
Ro 7.25 Ly 3.1
Ry 5 Wh 1.9
Rs 2.5 d 3

3. ANTENNA DESIGN STEPS

The proposed monopole antenna was developed through four
iterative design steps, as illustrated in Figure 2, with the corre-
sponding intermediate reflection coefficient responses shown
in Figure 6 and peak gain results in Figure 7. The initial
configuration consists of a simple, regularly shaped circular
monopole with a center-fed microstrip line. This basic de-
sign exhibits a triple-band response covering 3.33—-10.27 GHz,
13.64-23.04 GHz, and 24.54-29.28 GHz bands, for various
multi-band wireless and radar applications (Figure 3(a)). In
Step 2, the excitation line is shifted from the center, leading
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to a significant enhancement of the first band, which expands
to 3.36—13.64 GHz. This improvement occurs at the expense of
the second band, which narrows to 19.49-22.32 GHz, whereas
the third band remains almost unchanged (24.95-28.78 GHz)
(Figure 3(b)). This shift demonstrates the sensitivity of the
impedance matching and resonance behavior to feed position,
enabling better control of the antenna’s frequency response.

In Step 3a, the introduction of two crescent-shaped slots im-
proves impedance matching, particularly at low frequencies.
As a result, the first operating band extends by approximately
250 MHz, covering 3.11-13.54 GHz, while the second and third
bands remain nearly unchanged compared to Step 2. This
modification provides broader low-frequency coverage and en-
sures stable behavior across the higher bands without increas-
ing the overall size of the antenna. Step 3b is included to iso-
late and highlight the specific influence of the crescent slots
on the antenna’s frequency response, mainly in the lower band.
Without the slots, even with the ground-plane notch, the lower
cutoff cannot be pushed below 3.32 GHz (Figure 3(c)), indi-
cating that the slots play a central role in extending the first
band. Finally, in Step 4, combining both the crescent slots and
the ground-plane notch complements their individual effects,
improving mode excitation and effectively merging the first
two bands. This combined mechanism lowers the overall cut-
off to 3.05 GHz and enables a UWB response spanning 3.05—
23.04 GHz, along with a secondary band at 24.54-29.28 GHz
(Figure 3(d)). The final configuration offers seamless broad-
band operation with a compact geometry and a simplified struc-
ture. In Step 3, the introduction of two crescent-shaped slots
further enhances the impedance matching and radiation per-
formance. As a result, the first operating band extends by ap-
proximately 250 MHz, covering 3.11-13.54 GHz, whereas the
second and third bands remain nearly unchanged compared to
Step 2. This modification provides broader low-frequency cov-
erage and ensures stable behavior across higher bands with-
out increasing the overall antenna size. The optimized de-
sign is well-suited for a variety of modern applications, includ-
ing high-speed wireless data transmission (WPAN, WLAN),
indoor localization and sensing, biomedical monitoring, non-
cooperative radar imaging, and 5G mmWave communication
systems, as well as supporting standards such as Wi-Fi, LTE,
GPS, and UWB sensing technologies. Table 2 summarizes the
antenna evolution steps with the corresponding operating fre-
quency bands and related applications.

3.1. Parametric Study

This section presents the parametric analysis conducted to eval-
uate the influence of key geometrical parameters on the an-
tenna performance. The study begins by introducing a single
crescent-shaped slot defined by Ry and R3. This slot has a
clear impact on impedance matching, shifting the lower edge of
the operating band by approximately 200 MHz compared with
the slotless configuration as shown in Figure 4. For instance,
when R; = 5mm and R3 = 4.5 mm, the antenna becomes
matched from 3.25 GHz, whereas the slotless structure starts at
3.45GHz. For Ry = 6 mm and R3 = 1.5 mm, the lower edge
can be pushed down to 3.18 GHz, although some mismatch ap-
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FIGURE 2. Design evolution of the proposed circular shaped monopole antenna.
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FIGURE 3. Sy, of different design steps of the proposed monopole antenna (design evolution steps). (a) Step 1, (b) Step 2, (c) Step 3, and (d) Step 4

(final proposed structure).

pears around 9-10 GHz. Introducing a second crescent slot, de-
fined by Rs and Ry, further shifts the first resonance downward
by approximately 100 MHz, for Ry = 2.5 mm and R4, = 2 mm
(Figure 5). This behavior can be attributed to the presence of
an additional equivalent LC resonator that lowers the funda-
mental resonance frequency. At higher frequencies, this sec-
ond slot becomes electrically significant (its physical length ap-
proaches the wavelength )), thus exerting a stronger influence
on the antenna response. The last phase of the parametric study
examined the effects of the ground-plane notch. The ground
plane notch improves impedance matching and enhances the
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high-frequency bandwidth in planar antennas [23, 36, 60-62].
A rectangular ground plane notch (L,, x W,,) was introduced,
leading to the final antenna configuration. The parametric re-
sults confirm that the ground plane notch plays a key role in
improving the impedance matching by bringing multiple reso-
nant modes closer together. As shown in Figure 6, this modi-
fication, for L,, = 3.1 mm and W,, = 1.9 mm, enables a wide
and continuous bandwidth with S7; < —10dB from 3.05 GHz
to 24 GHz, effectively covering several key services, including
UWRB, Ku-band satellite communications (12—18 GHz), lower
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FIGURE 7. Gain of different design steps of the proposed monopole
antenna.

TABLE 2. Antenna evolution steps, operating frequency bands and related applications.

Desi fi ti ting Freq.
esign Con 1gl.1ra. ton Operating Freq Characteristics/Applications
Step Description Bands (GHz)
Basic circul 3.33—-10.27
asie eleu .ar ’ Triple-band operation; suitable for multi-band
Step 1 monopole with 13.64--23.04, . o
. wireless, radar, and satellite links
center-fed line 24.54--29.28
. . 3.36—13.64, Extended low-frequency bandwidth; improved
Feed line shifted . . D
Step 2 19.49--22.32, impedance matching; applications in
from center L
24.95--28.78 WLAN and broadband communication
. 3.11--13.54, .
Step 3 Introduction of two 19.49-—22 32 Further bandwidth enhancement; supports
P crescent shaped slots 24..957-28..78, WiMAX, LTE, and sensing systems
Step 4 Ground plane with notch 3.05—23.04, UWB coverage; supports SG mmWave,
P for impedance adaptation 24.54—-29.28 UWRB radar, biomedical, and /oT applications

K-band (18-21 GHz), and emerging 5G/pre-6G mm-wave al-
locations around 22-23.6 GHz.

The peak gain plots for the four antenna design steps (Fig-
ure 7) demonstrate that the Step 4 design achieves consistent
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improvements over the prior steps across the 10-30 GHz fre-
quency band, with enhanced performance in terms of higher
gain values and a better overall efficiency. However, in the
specific bands of 4-8 GHz and 25-28 GHz, the Step 2 design
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(b)

FIGURE 8. Photograph of the fabricated double crescent slots circular
UWRB circular monopole antenna. (a) Top view. (b) Bottom view.
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FIGURE 10. Si: parameter simulations and measurements of the pro-
posed antenna.

exhibits a slight advantage, showing slightly higher peak gains
in this narrow segment of the frequency band.

4. RESULTS AND DISCUSSION

A prototype of the proposed monopole antenna was fabricated
on an FR4 substrate to validate the simulated performance. The
fabricated antenna, as shown in Figure 8, maintains the same
geometrical parameters as the optimized design.

The reflection coefficient (S71) was measured using a vec-
tor network analyzer (VNA) as depicted in Figure 9. The re-
flection coefficient (S11) was measured using an E8364B Vec-
tor Network Analyzer from Agilent Technologies, as shown in
Figure 9. The measurement setup consisted of an antenna con-
nected through an SMA connector to the VNA, ensuring proper
calibration and minimizing the measurement uncertainty.

The measured S1; response confirmed the wideband behav-
ior of the proposed antenna and remains generally consistent
with the simulated results, supporting its suitability for UWB
applications. The measured and simulated reflection coeffi-
cient (S11) responses, as shown in Figure 10, were compared
over the frequency range of 2-30 GHz. The design attains
a measured impedance bandwidth extending from 3 GHz to

FIGURE 9. Measurement setup of the Sy1 parameter of the proposed

antenna.
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FIGURE 11. Simulated and measured gains and efficiencies of the pro-

posed antenna.
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24 GHz, with an additional higher band 27.4-30 GHz. Both
curves exhibit a similar overall trend, with prominent reso-
nances at approximately 4 GHz, 11.5 GHz, 15 GHz, 23 GHz,
and 28 GHz, indicating effective impedance matching at
these frequencies. As expected, the simulated results present
smoother and deeper resonances owing to idealized conditions,
while the measured data show slightly shallower dips and
additional fluctuations, particularly between 10 and 20 GHz.
In the lower-frequency range, the measured response shows
some deviation from the simulated curve, which is primarily
attributed to practical measurement factors that are difficult
to perfectly replicate in simulation, including fabrication
tolerances, slight misalignment, the SMA connector, which
was not included in the simulation model, and its soldering
interface, manufacturing tolerances in the thickness of the
substrate, dimensions of the slots, DGS, etc., in addition to
environmental perturbations during testing, which may add
extra ripples and slightly raise the measured S17. Despite these
deviations, the measured response still covered the intended
operating band, and the overall behavior remained admissibly
consistent with the simulation. The observed differences
highlight practical factors that can be further reduced through
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FIGURE 13. Complex magnitude of the current distribution at different frequencies. (a) 3.5, (b) 10.5, (c) 18, and (d) 28 GHz.

(d)

improved calibration, tighter fabrication control, and refined totype. Overall, the close agreement between simulation and
modeling techniques. Figures 11 and 12 depict the simulated measurement validates the antenna design and confirms its re-
and measured gains and efficiencies, and the normalized liable broadband performance.
radiation patterns of the proposed antenna, respectively. The Figure 13 shows the normalized simulated and measured ra-
measurements were performed using a standard far-field diation patterns of the proposed antenna in the E-plane (¢ =
setup inside an anechoic chamber. A Keysight PNA-L Vector 0°) and H-planes (¢ = 90°) at 3.5, 10.5, and 18 GHz. At
Network Analyzer was employed to perform the radiation 3.5 GHz, the antenna exhibited an almost omnidirectional pat-
pattern, gain, and efficiency measurements using a classical tern, typical of a monopole mode, with excellent agreement be-
transmission configuration, where the antenna under test was tween simulation and measurement, confirming the design’s re-
illuminated by a calibrated standard gain horn. liability. At 10.5 GHz, both patterns maintained a similar over-
The results showed a clear and consistent trend across the all shape, with minor discrepancies in side-lobe levels and null
entire frequency band. Both gain curves rise up to approx- positions, likely due to measurement uncertainties, connector
imately 12 GHz, where the simulated gain reaches approxi- effects, or reflections in the anechoic chamber. Despite these
mately 6.5-8 dBi, and the measured gain is approximately 5— differences, the main beam direction remains consistent, indi-
6.6 dBi. Beyond this point, the gain remained relatively sta- cating stable mid-band performance. At 18 GHz, the patterns
ble, with the simulated curve fluctuating between 7 and 10 dBi, became more complex because of higher-order mode excita-
whereas the measured values remained slightly lower. The sim- tion and the influence of the finite ground plane. The measured
ulated efficiency starts to be high, above 90% and gradually lobes appeared slightly broader or shifted, mainly because of
decreases to approximately 40% at 28 GHz, and the measured the fabrication tolerances and feed misalignment at high fre-
efficiency follows the same downward trend but with lower quencies. The antenna demonstrates good agreement between
values. These differences were mainly caused by conductor the simulation and measurement in the entire band, with accept-
and dielectric losses at higher frequencies, connector imperfec- able variations typical of high-frequency operation.

tions, and small impedance mismatches in the fabricated pro-
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TABLE 3. Comparison of the proposed antenna design with published studies.

Radiation efficiency

Ref. Substrate Dimensions Frequency band (GHz) Gain range
range (%)
[10] FR4 26.8 x 26 x 1.575 3.43-4.25, 6.57-7.81 2.1-3.5 75-85
[13] Jeans 46.3 x 52.6 x 1.076 2.95-24.2 0-3.16 -
[14] Denim 31 x 31 x 0.7 2-11.6 - -
[16] FR4 40 x 40 x 1.6 5.36-7.62 1-4.2 —
[18] FR4 30 x 20 x 1.6 2-6 - -
[20] FR4 30 x 29 x 1.6 3.2-11.92 1.5-6.43 -
[24] FR4 46 x 38 x 1.6 2.1-2.8,5.6-6.5,12.7-16 1-6 62-87
[27] FR4 40 x 36 x 1 2.2-3.3,4.3-5.1,6.3-10.8 - -
[30] FR4 50 x 50 x 1.6 2.1-126 3.5-7 90-97
[38] Duroid 5880 30 x 24 x 0.787 3-12.7 0.5-3.6 70-95
[39] Denim 60 x 50 x 0.7 7-28 - 83-94
[49] FR4 40 x 34 x 1.6 2.30-4.10, 6.10-10.0 2-9 60-92
[52] FR4 30 x 32 x 1.6 3.01-3.75, 6.74-13.86 1.55-6.67 -
[53] FR4 32 x 36 x 1.6 2357278, 3.46-4.65, ~7.13 -
5.08-6.08, 7.96-13
[55] Duroid 5880 55 x 70 x 1.57 1.46-3.2 2.56-3.6 -
[64] FR4 35 x30x 1.6 3.03-11.75 - 65-85
This work FR4 30 x 20 x 0.8 3-24 1.3-6.6 45-86
3.0 less communications, high-resolution radar, and body-centric
imaging systems. The group delay is defined as the negative
254 rate of change of the transfer function phase, ¢(w) with respect
. to frequency. This can be calculated as follows [38, 63]:
9 2.0
>
5. r(w) = ~20) m
2
G 107 To evaluate the group delay, a two-antenna transmission
setup was implemented in ANSYS HFSS, where identical an-
0.51 tennas were placed in the far-field region to eliminate near-
field coupling effects. For UWB applications, maintaining
0.0 5 4 6 B 10 12 14 16 18 20 22 24 26 28 30 |7] < 2ns is generally required to ensure good phase linear-

Freq(Ghz)

FIGURE 14. Simulated group delay of the proposed antenna.

Figure 13 shows the current distribution on the monopole an-
tenna at 3.5 GHz, 10.5 GHz, 18 GHz, and 28 GHz. As the fre-
quency increases from 3.5 GHz to 28 GHz, the current distribu-
tion on the monopole antenna shifts from a simple fundamental
mode with a single peak near the feed to more complex higher-
order modes featuring multiple peaks and nodes. This corre-
sponds to an antenna supporting multiple resonant paths and
standing wave patterns, which impact the radiation character-
istics and antenna impedance [22]. The group delay of a UWB
antenna is a critical parameter for evaluating its time-domain
performance, as it directly indicates the extent of pulse distor-
tion. A low and stable group delay (ideally constant across the
operating bandwidth) is essential for preserving the shape of
short-duration pulses, thereby ensuring high fidelity in applica-
tions requiring minimal dispersion, such as high-data-rate wire-
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ity and minimal signal distortion in the time domain [38]. Fig-
ure 14 shows that the group delay remains relatively flat within
the 2—19 GHz range, with an average value of approximately
1 ns, indicating low dispersion and a nearly linear phase re-
sponse suitable for wideband signal transmission. In the 19—
24 GHz region, the group delay begins to increase and exhibits
several resonant peaks reaching 2.0-2.4 ns. Beyond 24 GHz, a
strong variation is observed, with values fluctuating between
0.1 ns and 3.6 ns and multiple spikes exceeding 3 ns, revealing
significant dispersion that would introduce noticeable wave-
form distortion. The simulated group delay stays below 2 ns
over the 2-23.5 GHz band, confirming that the antenna main-
tains acceptable time-domain behavior for broadband applica-
tions.

Table 3 presents a comparison of the proposed antenna with
several designs reported in the literature. Most previous stud-
ies have used FR4 substrates, providing moderate bandwidth
and efficiency. A few studies have explored fabric-based ma-
terials such as jeans and denim, which offered very wide fre-
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quency coverage up to 28 GHz but suffered from larger size and
lower gain because of higher material losses. For FR4-based
designs, the operating frequencies generally ranged from 2 GHz
to 12.7 GHz, and the peak gain rarely exceeds 10 dBi. The an-
tennas reported in [20] and [30] achieved relatively high gains
of 6.43 dBi and 9.8 dBi, respectively, but their operation band-
widths are still narrower, and their overall sizes remain larger
than those of the present design. The proposed antenna stands
out by combining a very wide band (3—24 GHz) with a compact
size (30 x 20 x 0.8 mm?) smaller than most existing models. It
also maintains a peak gain of 6.6 dBi and a radiation efficiency
of 86%, indicating that the design efficiently radiates over a
broad spectrum without significant performance loss. The pro-
posed antenna achieves an excellent balance among miniatur-
ization, bandwidth, and efficiency, making it a strong candidate
for portable and biomedical applications, 5G, MBAN/WBAN,
and Iot UWB applications.

5. CONCLUSION

A compact circular monopole antenna incorporating dual
crescent-shaped slots and a defective ground structure was
successfully designed, optimized using ANSYS HFSS, and
experimentally validated for UWB applications. Through
a systematic four-step evolution process, the effects of the
feed offset, slot configuration, and ground-plane modification
on impedance and radiation characteristics were thoroughly
investigated. The final prototype achieved a measured —10 dB
impedance bandwidth extending from 3 to 24 GHz, with an
additional higher band up to 29 GHz, effectively covering
multiple wireless and radar frequency ranges. The antenna
exhibited a peak gain of 6.6 dBi, maintaining stable and nearly
omnidirectional radiation at lower frequencies and more direc-
tive patterns at higher bands. The good agreement between the
simulated and measured results confirms the reliability of the
HFSS model and fabrication process. Owing to its compact
size, wide impedance bandwidth, and versatile radiation
performance, the proposed antenna is a strong candidate for
5@, IoT, radar, and biomedical imaging systems that require
compact and broadband wireless front-ends.
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