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ABSTRACT: This article presents a slot-enhanced compact antenna tailored for next-generation millimeter-wave communication systems.
The design, implemented on an FR4 substrate with dimensions of 15× 16× 1.5mm3, was optimized using CST Microwave Studio and
validated through fabrication and experimental testing. At 9.1GHz, the antenna exhibits an electrical size of 0.45λ × 0.48λ × 0.045λ,
confirming its suitability for integration into modern high-frequency platforms. The measured and simulated results demonstrate an ultra-
wide impedance bandwidth of approximately 166%, covering 9.1–100GHzwith a primary resonance observed at 45.45GHz. Throughout
this wide operating spectrum, the antenna maintains stable radiation characteristics, achieving a peak gain of 8.91 dBi and efficiency
close to 90%. The slot-based geometry enables excitation of multiple resonant modes, ensuring wideband operation while maintaining
compactness. With its robust performance across multiple frequency bands, the proposed antenna is a strong candidate for applications
in X-band radar, Ku- and Ka-band satellite communications, K-band sensing, V-band short-range links, W-band automotive radar, and
future 6G wireless networks.

1. INTRODUCTION

The exponential growth of wireless communication systems
has created an increasing demand for antennas that can

deliver high performance across wide frequency ranges while
maintaining compact dimensions. With the emergence of ad-
vanced technologies such as 5G, 6G, satellite communication,
radar, and security imaging systems, antennas are expected to
support multi-band operation, high gain, stable radiation, and
efficiency within compact footprints. Among various antenna
types, microstrip patch antenna (MPA) has attracted significant
attention due to its low profile, lightweight structure, ease of
fabrication, and suitability for integration with modern com-
munication circuits. However, conventional patch antennas are
limited by narrow bandwidth, relatively low gain, and sensitiv-
ity to substrate losses, which restrict their application in next-
generation high-frequency systems.
To overcome these challenges, researchers have explored

several approaches, including the use of slots, parasitic patches,
defected ground structures (DGSs), and novel feed techniques
to enhance bandwidth and improve radiation performance. For
instance, introducingU-slots, circular cut-outs, and etching pat-
terns into the patch or ground plane has proven effective in ex-
citingmultiple resonant modes and achieving wideband charac-
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teristics [20, 21]. Similarly, parasitic patch configurations have
been employed to increase coupling and extend impedance
bandwidth [22]. For instance, introducing U-slots, circular
cut-outs, and etching patterns into the patch or ground plane
has proven effective in exciting multiple resonant modes and
achieving wideband characteristics. Similarly, modifications in
feedline geometry and substrate materials have also contributed
to improved impedance matching and higher efficiency. These
strategies have made MPAs highly adaptable to applications
spanning X-, Ku-, K-, Ka-, V-, and W-bands, which are crit-
ical for both present and future communication systems.
The upcoming 6G communication networks will operate pre-

dominantly in millimeter-wave and terahertz bands, demanding
antennas capable of delivering ultra-wide bandwidth, high data
rates, and low latency. Unlike traditional cellular communica-
tion, 6G will require antennas to operate efficiently under chal-
lenging propagation conditions while supporting diverse use
cases such as Internet of Things (IoT), autonomous vehicles,
immersive virtual reality, and advanced imaging technologies.
In this context, compact and high-performance antennas are key
enablers for ensuring system reliability and scalability. In ad-
dition to communication, wideband antennas are increasingly
important in radar and sensing applications, where high reso-
lution and accurate target detection depend on stable radiation
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and wide frequency coverage. Automotive radar in the W-band
and satellite communication in the Ka- and Ku-bands are prime
examples of real-world systems where antenna compactness,
gain, and efficiency are equally important.
Microstrip patch antennas (MPAs) have long been valued for

their simple geometry, low profile, and compatibility with mod-
ern communication platforms. Numerous modifications have
been introduced to improve performance, particularly in terms
of bandwidth, gain, and efficiency. Mishra et al. [1] provided a
detailed review of geometry-based and ground-plane modifica-
tions, identifying techniques such as slotting, defected ground
structures, and parasitic loading as effective means for band-
width enhancement. These foundational methods have been
widely adopted in subsequent designs.
With the advent of 5G, attention shifted toward compact an-

tennas operating in the millimeter-wave range. Przesmycki et
al. [2] reported a broadband 28GHz design using a Rogers sub-
strate, achieving 5.57GHz bandwidth and approximately 80%
efficiency. Similarly, Imran et al. [3] designed a compact patch
operating at 38 and 54GHz, where a 1 × 4 array configura-
tion provided up to 12 dB gain, demonstrating the necessity of
arrays to overcome path loss at higher frequencies. Verma et
al. [8] proposed a small 10.15GHz patch on FR-4, highlight-
ing miniaturization but also pointing out efficiency challenges
inherent in low-cost substrates.
Various geometry-based approaches have been explored to

address these challenges. Khidre et al. [4] introduced a U-
slot configuration capable of achieving dual-beam radiation,
while Baudha et al. [5] investigated U-shaped patches with
partial ground planes for mobile satellite services. Ghosh et
al. [7] showed that defected patch surfaces improved polariza-
tion purity, reducing cross-polarization. These studies high-
light that geometry modifications are powerful but often come
with trade-offs in terms of complexity and design sensitivity.
Practical fabrication aspects have also been emphasized. Kur-
niawan and Mukhlishin [6] argued that validating simulation
with fabricated prototypes is essential, as small deviations sig-
nificantly affect high-frequency behavior. Looking beyond 5G,
attention is moving into the terahertz (THz) domain for 6G.
Akyildiz et al. [9, 10] and Han and Chen [11] discussed fun-
damental propagation challenges, such as severe attenuation
and molecular absorption, that demand new modeling and an-
tenna solutions. Rappaport et al. [12] and Jornet et al. [13] fur-
ther outlined system-level opportunities above 100GHz, not-
ing potential applications in high-speed data, sensing, and se-
curity. Singh et al. [14] surveyed antenna developments at 30,
60, and 120GHz, underlining substrate choice and efficiency
as key design bottlenecks. Recent works address these chal-
lenges with innovative designs. Min et al. [15] presented a
radome-optimized series-fed W-band array with high gain and
efficiency for automotive radar, while Al-Hiti et al. [16] demon-
strated broadband and multiband mmWave patches with effi-
ciencies approaching 94%. At 100GHz, Perez-Palomino et
al. [17] showcased electronically controlled reflect arrays, of-
fering high gain and beam agility. At lower mmWave frequen-
cies, compact designs continue to attract interest: Kumar et
al. [18] reported an ultra-compact 28GHz arc-shaped patch,

and Muttair et al. [19] introduced a multi-band MIMO antenna
spanning 17–100GHz, a significant step toward versatile 6G
hardware.
In summary, the literature demonstrates steady progress

from bandwidth enhancement methods [1, 4, 7] to compact and
broadband mmWave designs [2, 3, 8], and further to multiband
and W-band solutions [15, 16, 19]. While system-level stud-
ies [9, 14, 17] establish the direction toward mmWave and 6G,
the practical design trade-off among compactness, bandwidth,
and fabrication feasibility remains an open challenge. This mo-
tivates the development of new antennas that can provide wide-
band operation, high efficiency, and compact form factors suit-
able for the integration into future 6G platforms.
In the following sections, this study highlights the novel de-

sign and realization of a compact slot-enhanced ultra-wideband
antenna that achieves outstanding performance across the 9.1–
100GHz frequency spectrum using a cost-effective FR4 sub-
strate. The novelty of this work lies in the unique hybrid con-
figuration of circular and rectangular slots, whose optimized
coupling and spacing enable the excitation of multiple res-
onant modes and the achievement of an exceptionally wide
impedance bandwidth of approximately 166%, along with a
peak gain of 8.91 dBi and an efficiency close to 90%. Un-
like conventional slotted or DGS-based antennas, the presented
structure undergoes a systematic four-stage design evolution,
where each geometrical refinement contributes to enhanced
impedance matching, radiation stability, and broadband re-
sponse. The excellent correlation between simulated and ex-
perimental results confirms that the wideband characteristics
originate from the antenna’s genuine electromagnetic behavior
rather than simulation artifacts.

2. GRAPHICAL ABSTRACT
Figure 1 shows the graphical abstract that illustrates the com-
plete design, fabrication, and evaluation process of the pro-
posed compact multi-band antenna intended for millimeter-
wave and 6G applications.
The workflow begins with (a) Simulation using Computer

Simulation Technology (CST), where the antenna geometry
is modelled and optimized through full-wave electromagnetic
simulations. These simulations allow the precise tuning of de-
sign parameters to achieve wideband impedance performance
and stable radiation characteristics. Following the design stage,
(b) Antenna Fabrication is carried out on an FR4 substrate us-
ing standard photolithographic techniques. The fabricated pro-
totype closely replicates the simulated structure, ensuring that
the experimental model aligns with the proposed design.
The next stage, (c) Antenna Testing and Measurement in-

volve characterizing the antenna using a Vector Network Ana-
lyzer (VNA). The prototype is placed inside an anechoic cham-
ber to minimize reflections and ensure accurate measurement
of reflection coefficients (S11). The measured results are then
compared with simulated data, confirming the consistency of
the design across the targeted frequency spectrum.
Finally, (d) Results and Discussion present a detailed analy-

sis of the antenna’s performance. The results include simulated
andmeasuredS11 curves, which validate the ultra-wideband re-
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FIGURE 1. Graphical abstract, (a) simulation in CST, (b) fabrication, (c) testing and measurement, and (d) comparison of simulated and measured
results.

FIGURE 2. Conceptual design of an antenna.

sponse from 9.1GHz to 100GHz. Radiation patterns at differ-
ent frequencies demonstrate stable omnidirectional behavior,
while surface current distributions highlight the effective exci-
tation of multiple resonant modes. The antenna achieves a high
peak gain and efficiency, confirming its suitability for modern
high-frequency systems. Overall, the graphical abstract con-
veys the systematic workflow from design to experimental ver-
ification. It highlights how the compact antenna, through simu-
lations, fabrication, and rigorous measurements, demonstrates
outstanding broadband performance.

3. ANTENNA STRUCTURE AND EVOLUTION
Figure 2 shows that the proposed planar antenna structure is il-
lustrated through its front, back, and side views. The design
is implemented on an FR4 substrate and incorporates multiple
slots, circular cut-outs, and feedline modifications to enhance
its broadband performance. The front view highlights the cen-
tral radiating patch with surrounding circular slots and etched
sections that help in exciting multiple resonant modes. The

back view features symmetrical circular cut-outs that improve
impedance matching and overall radiation efficiency, while the
side view represents the substrate thickness, which influences
the gain and bandwidth.
Table 1 shows that the proposed antenna design is governed

by fourteen geometric parameters (S1–S14), each optimized to
achieve broadband operation and stable radiation across the
9.1–100GHz range. The overall size of the structure is de-
fined by S1 = 15mm and S2 = 16mm, which set the
physical boundaries and electrical dimensions of the substrate.
The top slot (S3 = 6.2mm) and vertical slots on either side

TABLE 1. Parameters and values of the proposed antenna.

Parameters S1 S2 S3 S4 S5 S6 S7

Values 15 16 6.2 8 1 5.5 1
Parameters S8 S9 S10 S11 S12 S13 S14

Values 1.5 2 1.5 2 3.5 5.5 0.5
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FIGURE 3. Antenna evolution from Stage 1–4.

(S4 = 8mm) introduce additional resonant paths that enhance
the impedance bandwidth. Narrow slots such as S5 = 1mm
and S7 = 1mm are responsible for controlling current flow and
tuning higher-order resonances, while the central slot length
(S6 = 5.5mm) strengthens mode excitation and coupling. The
inclusion of a horizontal slot (S8 = 1.5mm) and circular cut-
outs (S9 = 2mm) improves impedance matching and con-
tributes to multi-resonant behavior. Feed-related dimensions,
including S10 = 1.5mm and feedline width S11 = 2mm, are
adjusted to ensure proper matching with the standard 50Ω in-
put. The lower cut-out length (S12 = 3.5mm) and ground slot
(S13 = 5.5mm) expand the operational bandwidth by reducing
mismatches and improving return loss. Finally, the spacing be-
tween the circular slots (S14 = 0.5mm)maintains symmetry in
current distribution, which stabilizes the radiation performance.
Through the collective influence of these parameters spanning
patch slots, cut-outs, and feed adjustments the antenna achieves
wide impedance coverage, high efficiency, and reliable radia-
tion characteristics suitable for modern millimeter-wave com-
munication systems.

4. EVOLUTION OF THE PROPOSED ANTENNA
Figure 3 shows that the evolution of the proposed antenna is
illustrated through four systematic stages, where each modifi-
cation is introduced to enhance bandwidth, resonance charac-
teristics, and overall radiation performance.
Stage 1: The design begins with a basic rectangular radiat-

ing patch connected to a microstrip feedline and supported by
a partial ground plane. This initial structure generates a limited
number of resonant frequencies, with poor impedance band-
width, making it unsuitable for ultra-widebandmillimeter-wave
applications. Nonetheless, it serves as the foundation for fur-
ther modifications.
Stage 2: In the second stage, symmetrical circular slots are

etched along both vertical edges of the radiating patch, with
a curved slot at the top. These modifications help in exciting

additional resonant modes by altering the surface current dis-
tribution. As a result, the antenna begins to exhibit improved
impedance matching and wider bandwidth than Stage 1, al-
though the performance still requires enhancement for higher-
frequency operations.
Stage 3: The third stage introduces rectangular slots within

the central patch region. These inner slots contribute to bet-
ter coupling and effective excitation of multiple higher-order
modes. The modification significantly improves return loss
characteristics and strengthens resonance stability across the
desired frequency range. However, additional fine-tuning is
necessary to achieve ultra-wideband behavior.
Stage 4: In the final stage, circular cut-outs are etched at the

bottom edge of the radiating structure, while retaining the previ-
ously introduced slots. This modification optimizes impedance
matching and expands the operational bandwidth, allowing the
antenna to achieve ultra-wideband performance from X-band
through W-band. The final geometry also provides stable radi-
ation patterns, high gain, and good efficiency, making it highly
suitable for 5G, 6G, radar, and satellite applications.
Figure 4 shows the return loss (S11) characteristics for the

antenna design across its four evolutionary stages, highlight-

FIGURE 4. All stages S11 parameter from Stage 1–4.
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ing how each structural modification contributes to impedance
bandwidth enhancement and resonance stability.
Stage 1: The initial configuration (black curve) shows lim-

ited performance with only a few resonant dips, primarily
confined to the lower frequency region below 20GHz. The
impedance matching is not consistent, and wideband behav-
ior is absent, demonstrating that the simple patch with a partial
ground is insufficient for millimeter-wave applications.
Stage 2: With the introduction of side slots, the antenna re-

sponse improves (orange curve). Multiple resonant modes are
excited, extending the operational range up to nearly 40GHz.
However, the return loss still fluctuates and fails to achieve sta-
ble wideband characteristics across the entire spectrum.
Stage 3: Further structural modifications, including addi-

tional slots and etchings, result in the green curve response.
This stage shows significant improvement, with several well-
defined resonant dips spanning a broader range of frequencies.
The impedance bandwidth is extended, and resonance stabil-
ity becomes more noticeable, especially in the mid-frequency
range around 40–70GHz.
Stage 4: The final optimized structure (blue curve) exhibits

the best performance, achieving ultra-wideband operation from
below 10GHz up to nearly 100GHz. The return loss remains
consistently below −10 dB across most of the spectrum, with
multiple strong dips at key frequency bands. This stage con-
firms the successful design evolution, as the antenna now pro-
vides excellent impedance matching, stable resonances, and
wideband behavior.
Figure 5 presents the parametric analysis of the proposed

antenna with respect to the circular slot diameter denoted as
S5. Three variations of S5 were examined: 0.5mm, 1mm,
and 1.5mm, to observe their impact on the return loss (S11)
response across the 0–100GHz frequency spectrum. When
S5 = 0.5mm (black curve), the antenna exhibits multiple res-
onant dips but with weaker impedance matching at higher fre-
quencies. Increasing the slot size to S5 = 1mm (red curve)
significantly improves bandwidth and resonance stability, re-
sulting in better matching across several bands. Further enlarg-
ing the slot to S5 = 1.5mm (blue curve) introduces deeper
resonances at certain frequencies but causes slight shifts in res-
onant positions. Overall, the optimized value of S5 = 1mm
demonstrates the best balance, offering wide impedance band-

FIGURE 5. Simulated parameter sweep ‘S5’.

width and stable resonances, making it the most suitable con-
figuration for ultra-wideband operation.
Figure 6 shows the effect of varying the parameterS14, which

represents the spacing between the circular slots placed along
the sides of the radiating patch. Three different values of S14
were analyzed: 0.4mm, 0.5mm, and 0.6mm, to evaluate their
influence on the return loss (S11) response.
When S14 = 0.4mm (black curve), the antenna achieves

multiple resonant dips; however, some mismatches appear at
higher frequencies. Increasing the spacing to S14 = 0.5mm
(red curve) improves impedance matching and provides more
uniform resonance behavior across the frequency spectrum.
Further enlarging the spacing to S14 = 0.6mm (blue curve)
slightly shifts the resonances, producing deeper dips around
certain bands but with minor variations in bandwidth. Over-
all, the optimized value of S14 = 0.5mm offers the best
trade-off, delivering consistent wideband performance and sta-
ble impedance matching up to 100GHz.
Figure 7 shows that the return loss characteristics of the pro-

posed antenna were obtained through both simulation and ex-
perimental validation. The antenna was first designed and op-
timized using CST Microwave Studio, where full-wave elec-
tromagnetic simulations were carried out to achieve wideband
impedance matching. The simulated S11 response, shown in
red, demonstrates multiple resonant dips extending from be-
low 10GHz to nearly 100GHz, confirming the antenna’s ultra-
wideband behavior.
To validate the design, the antenna was fabricated on an FR4

substrate in the antenna laboratory, following the optimized ge-
ometrical parameters. For experimental characterization, the
prototype was tested inside an anechoic chamber to ensure a
controlled, reflection-free environment. A Vector Network An-
alyzer (VNA) was used to measure the reflection coefficient,
with themeasuredS11 plotted in blue. The comparison between
simulated and measured results shows a strong agreement, with
both responses exhibiting multiple resonant frequencies and
wide impedance bandwidth. Minor deviations between the two
curves can be attributed to fabrication tolerances, material im-
perfections, and connector losses. Despite these variations, the
measured S11 remains consistently below −10 dB across most
of the operating spectrum, validating the reliability of the sim-
ulated model.
It should be emphasized that while FR4 inherently suf-

fers from higher dielectric losses above 1015GHz, its use in
this work was intended to provide a cost-effective and prac-
tical demonstration of the antenna’s design feasibility rather
than to claim superior material performance. The observed
wide impedance bandwidth (9.1100GHz) is primarily the out-
come of the optimized slot geometry and coupling arrange-
ment, which enable the excitation of multiple resonant modes.
Experimental verification using a Vector Network Analyzer
(VNA) and measurements conducted in an anechoic environ-
ment validate the broadband response, with the antenna main-
taining an efficiency of nearly 90% within the 1060GHz re-
gion, where FR4’s dielectric losses remain within acceptable
limits. These findings confirm that thewideband characteristics
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FIGURE 6. Comparison between simulated and measured S11 (reflection coefficient).

FIGURE 7. Simulated parameter sweep ‘S14’.

originate mainly from the electromagnetic design optimization
rather than the intrinsic properties of the substrate.
The equivalent circuit of the planar antenna can be under-

stood through the assignment of approximate R, L, and C val-
ues that capture its resonant characteristics. Operating at the
9.1GHz band, the wavelength is around 33mm, and the an-
tenna’s main radiating patch can be modeled as a parallel RLC
network. Here, the resistance about 50Ω represents radiation
resistance.

5. EQUIVALENT CIRCUIT FOR ANTENNA (9.1 GHz)

5.1. Step 1. Wavelength and Frequency Relation

λ =
c

f
=

3× 108

9.1× 109
= 0.033m (33mm)

5.2. Step 2. Main Patch RLC Resonator
• Resonant frequency fo = 9.1GHz
• Capacitance from edge fringing fields: C = 0.3 pF
• Inductance: L = 1/(2πfo)

2, C = 1.02 nH
• Radiation resistance (R): typically 40–70Ω for microstrip
patches, take R = 50Ω.

5.3. Step 3. Slots/Stub LC Tanks
Each slot introduces additional resonance.

• Slot LC Tank 1: L = 0.8 nH, C = 0.25 nH, resonance
near 10GHz

• Slot LC Tank 1: L = 0.5 nH,C = 0.15 pF, resonance near
14GHz

5.4. Step 4. Parasitic Elements
Parasitic slots create further notches/stopbands.

• Equivalent values: L = 1.5 nH, C = 0.2 pF, resonance
near 19.5GHz,

Final Equivalent Circuit Values (for 9.1GHz design)

• Main patch (parallel RLC): R = 50Ω, L = 1.02 nH,
C = 0.3 pF

• Slot LC Tank 1: L = 0.8 nH, C = 0.25 pF
• Slot LC Tank 2: L = 0.5 nH, C = 0.15 pF
• Parasitic LC: L = 1.5 nH, C = 0.2 pF

The proposed antenna operating at 9.1GHz can be represented
using an equivalent circuit as shown in Figure 8, model to an-
alyze its impedance and resonant behavior. The starting point
is the main radiating patch, which is modeled as a parallel RLC
resonator. The capacitance originates from the fringing fields
at the patch edges, taken as approximately 0.3 pF. At the oper-
ating frequency of 9.1GHz, the inductance is calculated using
the formula:

L = 1/(2πfo)
2C

Substituting the values gives L ≈ 1.02 nH, while the radia-
tion resistance is assumed to be 50Ω, which falls within the
expected range (40–70Ω) for microstrip patches.
To account for additional resonances, slots etched in the

patch are modeled as series LC tanks. The first slot introduces
a resonance near 10GHz with L ≈ 0.8 nH and C ≈ 0.25 pF,
while the second slot generates a resonance around 14GHz,
represented by L ≈ 0.5 nH and C ≈ 0.15 pF. These slots are
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FIGURE 8. Equivalent circuit of the proposed antenna.

(a)

(b)

FIGURE 9. Surface current distribution of the antenna at (a) 20GHz, (b) 45GHz.

responsible for excitingmultiple higher-ordermodes, which ex-
tend the impedance bandwidth.
Further refinements are introduced by parasitic elements,

represented as another LC branch with L ≈ 1.5 nH and
C ≈ 0.2 pF, producing a resonance near 19.5GHz. This im-
proves impedance matching and helps suppress unwanted re-
sponses, contributing to the antenna’s ultra-wideband behav-
ior. Thus, the final equivalent circuit consists of the main patch
RLC in parallel, accompanied by series LC tanks and parasitic
branches. This combination effectively models the antenna’s
wideband impedance characteristics, explaining its ability to
operate from 9.1GHz up to 100GHz with multiple resonant
dips, stable matching, and enhanced bandwidth. These ele-
ments collectively form a multi-resonant equivalent circuit that
accurately models the antenna’s broadband impedance charac-
teristics. The electrical circuit parameters for the proposed de-
sign are presented in Table 2.
The developed equivalent RLC network provides a simpli-

fied analytical representation of the antenna’s resonant char-
acteristics around 9.1GHz. In this model, the main radiating
patch is represented by a parallel RLC circuit, while additional

LC tanks and parasitic elements account for the resonances in-
troduced by the etched slots and ground modifications. This
configuration effectively illustrates the multi-resonant behav-
ior and aids in understanding how geometric features influence
impedance matching and bandwidth enhancement. However,
it is important to note that this lumped-element model approx-
imates only the dominant resonant behavior near 9.1GHz and
does not fully capture the distributed electromagnetic effects
responsible for the ultra-wideband response (9.1–100GHz) ob-
served in full-wave CST simulations and measurements.
Figure 9 shows that the surface current distribution of the

proposed antenna was analyzed to understand the excitation of
resonant modes at different frequencies. Figure 9(a) shows the
current distribution at 20GHz, while Figure 9(b) corresponds
to 45GHz. At 20GHz, strong current density is concentrated
around the feedline, central radiating patch, and circular slots
near the lower edge of the antenna.
The distribution indicates that the currents are primarily lo-

calized along the edges of the etched slots, suggesting that
these structural modifications play a significant role in excit-
ing the lower-frequency resonances. The concentration of cur-
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TABLE 2. The final equivalent circuit parameters for the proposed design.

Component Description Equivalent Values
Main Patch (Parallel RLC) Radiation and storage R = 50Ω, L = 1.02 nH, C = 0.3 pF

Slot LC Tank 1 Resonance near 10GHz L = 0.8 nH, C = 0.25 pF
Slot LC Tank 2 Resonance near 14GHz L = 0.5 nH, C = 0.15 pF
Parasitic LC Resonance near 19.5GHz L = 1.5 nH, C = 0.2 pF

(a) (b)

FIGURE 10. Radiation antenna 3-D lobe patterns at 20 and 45GHz.

rents near the bottom cut-outs further confirms their influence
on impedance matching at this band.
At 45GHz, the current distribution becomes more complex,

with high-density currents observed across the central slot re-
gion and along the vertical side slots. This indicates the exci-
tation of higher-order modes, where multiple slots collectively
contribute to resonance. The currents are spread more evenly
across the patch, highlighting effective utilization of the radiat-
ing surface. This behavior ensures stable radiation patterns and
improved bandwidth at millimeter-wave frequencies. Overall,
the comparison shows that the etched slots and cut-outs are cru-
cial for exciting resonances at both lower and higher bands,
enabling the antenna to achieve ultra-wideband performance
across 20GHz and 45GHz frequencies.
The 3D radiation characteristics of the proposed antenna

were evaluated at two representative frequencies, 20GHz and
45GHz, to demonstrate its performance across the wide operat-
ing band. At 20GHz (Figure 10(a)), the radiation lobe exhibits
a multi-directional pattern with several smaller lobes surround-
ing the main beam. This indicates the excitation of multiple
resonant modes at lower frequencies, where current crowding
and slot interactions contribute to complex radiation behavior.
The gain reaches a peak value of approximately 8.9 dBi, show-
ing that the antenna delivers strong radiation with multiple ac-
tive lobes, suitable for wide coverage applications. At 45GHz
(Figure 10(b)), the radiation pattern becomes more stable and
directional than the 20GHz case. The antenna radiates with
fewer side lobes, and the energy is concentrated more effec-
tively in the main lobe direction. The maximum gain achieved
at this frequency is around 6 dBi, which, although slightly lower
than at 20GHz, demonstrates efficient performance at higher
millimeter-wave frequencies.

Figure 11 shows that the input impedance of the antenna was
analyzed in terms of both the real and imaginary components
across the frequency range of 10–100GHz. The plot shows
that the real part of the impedance (black curve) fluctuates
around the standard 50Ω line, which indicates good impedance
matching over a wide spectrum. At several resonant frequen-
cies, the real impedance closely approaches 50Ω, ensuring effi-
cient power transfer between the feedline and radiating element.
Peaks beyond 70Ω and dips near 25Ω are observed at certain
frequencies, but these variations remain within an acceptable
range for ultra-wideband operation.
The imaginary part of the impedance (red curve) oscillates

between positive and negative values, reflecting the reactive na-
ture of the antenna at different frequencies. These fluctuations
correspond to the capacitive and inductive effects introduced
by the etched slots and ground modifications. Importantly, at
resonant frequencies where S11 dips are observed, the imagi-
nary impedance approaches zero, confirming good resonance
conditions.
Figure 12 illustrates the measured and simulated perfor-

mances of the compact antenna with dimensions 15 × 16 ×
1.5mm3, specifically focusing on its gain and efficiency char-
acteristics across the frequency range of 9.1–100GHz. Both
curves exhibit strong agreement, confirming the validity of the
design and the accuracy of the simulation model. The antenna
demonstrates a consistent and stable radiation response, main-
taining a peak gain of approximately 8.9 dBi and an efficiency
nearing 89.8% over a wide frequency span. Minor variations
observed between the simulated and measured plots are at-
tributed to fabrication tolerances and connector losses at higher
frequencies.
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FIGURE 11. Input impedance of the proposed antenna. FIGURE 12. Gain and radiation curve.

TABLE 3. Comparison table of previously published articles.

Ref. Frequency/Band Size (mm3) Bandwidth (GHz) Gain Efficiency Substrate
[2] 28GHz 6.2× 8.4× 1.5 15.57 (19.9%) 5.06 dBi ≈ 80.2% Rogers RT/Duroid 5880
[3] 38 & 54GHz 26× 30× 1.5 1.94 & 2.05 6.9 dBi, 7.4 dBi ≈ 85.2% Rogers RT/Duroid 5880
[5] 20/60/120GHz 20× 20× 1.5 10–57 (102%) 6.06 dBi ≈ 81.2% FR4 (1.5mm)
[8] 10.15GHz 20× 20× 1.6 380–400MHz 4.46 dBi ≈ 86.2% FR-4 (1.6mm)
[14] 30/60/120GHz 24× 30× 1.6 Survey (various) 7.1 dBi ≈ 82.2% FR-4 (1.6mm)
[16] 29.138GHz 40× 40× 1.6 Broad/multi-band 8.1 dBi Up to 94% Rogers RO4450B
[17] 25–100GHz 34× 40× 1.6 15.57(19.9%) 6.7 dBi ≈ 82.2% FR-4 (1.6mm)
[18] 28–65GHz 20× 20× 1.6 (19–100) 146% 4.46 dBi NR FR-4 (1.6mm)
[19] 17–100GHz 32× 40× 1.5 15.57GHz (19.9%) 6.06 dBi ≈ 80.2% Rogers RT/Duroid 5880

Proposed 9.1100GHz 15 ×16 ×1.5 (9.1–100) 166% 8.91 dBi 89.8% FR-4

To validate the simulated design, the antenna was fabricated
using standard photolithography on an FR4 substrate. The front
and back views of the fabricated prototype are shown in Fig-
ure 13, where a measurement scale in centimeters has been
included for dimensional verification. The visual comparison
confirms that the fabricated antenna precisely matches the sim-
ulated design dimensions. The inclusion of the scale provides
clear evidence of fabrication accuracy and supports the struc-
tural consistency between the simulated model and the practical
prototype.
Table 3 presents a comparison of the proposed antenna with

several reported millimeter-wave designs. The results show

FIGURE 13. Front and rear views of the fabricated antenna prototype.

that the proposed design achieves a much wider impedance
bandwidth (166%, 9.1–100GHz) and a higher gain of 8.91 dBi
with around 90% efficiency. These enhancements are mainly
due to the optimized hybrid slot geometry and refined cou-
pling between slot elements, which improve mode excitation
and impedance matching. Unlike earlier designs limited to spe-
cific mmWave bands, the proposed antenna maintains continu-
ous wideband operation across multiple frequency ranges using
a cost-effective FR4 substrate, demonstrating strong practical
and electromagnetic design advantages.

6. CONCLUSION
The proposed compact antenna, with dimensions of 15× 16×
1.5mm3, has been successfully designed, fabricated, and val-
idated for millimeter-wave applications. It achieves an ultra-
wide impedance bandwidth of 166% spanning 9.1–100GHz,
with measured and simulated results showing close agreement.
The antenna offers a peak gain of 8.91 dBi, 89.8% efficiency,
and stable radiation characteristics across the operating spec-
trum. Surface current and radiation analysis confirm the excita-
tion of multiple resonant modes, providing multi-lobe radiation
at 20GHz and more directional behavior at 45GHz. With its
compact electrical size of 0.45λ× 0.48λ× 0.045λ at 9.1GHz,
the design ensures efficient integration into modern systems.
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Overall, the antenna demonstrates a combination of wide band-
width, high gain, and compactness, making it a promising can-
didate for X-, Ku-, K-, Ka-, V-, and W-band systems, including
5G, 6G, radar, satellite, and security imaging applications.
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