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Compact UWB Pi-Slotted Elliptical Patch Antenna
for Terahertz Applications

Md. Sulaiman and Abu Zafor Md. Touhidul Islam

Abstract—Antennas offering wide bandwidth, high gain and
efficiency are essential to terahertz (THz) wireless communication
systems and has gathered significant attention in antenna research.
This paper introduces a compact, high-gain, ultra-wideband
(UWB) microstrip patch antenna tailored for THz applications,
along with its performance analysis. The proposed antenna has
an elliptical patch with a pi shaped slot and is excited by a tapered
feedline. An elliptical patch antenna incorporating a pi-shaped
slot is introduced for the first time in the terahertz THz spectral
region, demonstrating the ability to simultaneously achieve sub-
stantial size miniaturization, wideband performance, improved
impedance matching, and enhanced gain. The antenna structure
was designed and optimized for improved performance using CST
Microwave Studio (MWS) version 2018. A Rogers RT/duroid 5880
substrate was used for antenna design, featuring 6 pm thickness,
2.2 relative permittivity, 0.0009 loss tangent, and 120 x 80 pm?
planar dimensions. The proposed antenna demonstrates strong
performance characteristics with a wide impedance bandwidth
of 3.41 THz (5.01-8.42 THz), high gain of 7.906 dB, radiation effi-
ciency of 77.83%, and low return loss of —43.57 dB, with consistent
VSWR across the entire frequency range. The surface current dis-
tribution as well as the input impedance of the pi-shaped slotted
antenna are also favorable. All the simulation results suggest that
the proposed small size pi-shaped slotted elliptical patch antenna
can be a suitable candidate for high-speed 6G wireless communi-
cation applications in the THz band.

Index Terms—Elliptical patch, microstrip antenna, pi shaped
slot, tapered feedline, terahertz band, wideband, wireless applica-
tions, 6G communication.
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1. INTRODUCTION

VER the past few decades, bandwidth requirements for
wireless communications have increased rapidly. Al-
though advanced modulation techniques have been employed
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to enhance spectral efficiency [1], the channel capacity is ulti-
mately limited by Shannon’s formula, even with MIMO imple-
mentations. Consequently, accessing higher carrier frequency
bands like terahertz (THz) spectrum (0.1 to 10 THz) is essential
to meet the required transmission capacity. Owing to the unique
advantages like broadband capability, secure, more directional,
smaller scintillation effects, low attenuation, and low energy
consumption, THz technology has been applied in the field of
communication, defense, biomedical imaging, spectroscopy,
and radio astronomy [2], [3]. Research in THz technology has
grown recently, driven by the availability of THz sources and
progress in laser, semiconductor, and photoconductive technol-
ogies [4]. THz antenna design suffers from severe signal atten-
uation, fabrication challenges associated with microscopic di-
mensions, and significant material losses. Antennas functioning
within the THz band must demonstrate high gain, wide band-
width, high directive and minimal signal losses to ensure robust
and efficient communication [5], [6].

Patch antennas have attracted considerable attention as a
promising solution for THz applications owing to their com-
pact dimensions, ease of fabrication, and compatibility with
integrated circuit technology. A dual-band reconfigurable
graphene-based antenna detailed in [7] achieved a bandwidth
of 50 GHz with a gain of 4.01 dB. Photonic band gaps and
defective ground structures were utilized in [8], which leads
to a gain increase to 6.93 dB. But it suffers from narrow band-
width and size limitations. A miniaturized graphene-based THz
patch antenna proposed in [9] obtained a high return loss of
—57.54 dB and a bandwidth of 199.6 GHz, though its gain was
limited to 2.76 dB. An asymmetric coplanar waveguide-fed
patch antenna was developed in [10], which offered a gain of
6.14 dB and a compact design but with a narrower bandwidth
of 92 GHz. Moulfi et al. developed a wideband nano circular
graphene-printed antenna for terahertz transmission, employ-
ing a Defected Ground Structure (DGS) technique to enhance
bandwidth and conducted a parametric study [11]. Khan et al.
proposed a circular THz patch antenna and investigated vari-
ations in substrate shapes and materials [12]. Abohmra et al.
examined the characteristics of graphene at terahertz frequen-
cies through a rectangular antenna designed for wearable appli-
cations [13]. Fakharian introduced a multifunctional graphene-
based THz antenna [14], while Badr and Moradi presented a
novel hexagonal dual-band antenna operating at 2.14 THz and
5.41 THz [15]. Nissiyah and Madhan explored graphene-based
patch antennas capable of supporting triple and quad-band op-
erations in the terahertz range [16].
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Although numerous THz antennas have been proposed,
most suffer from either large physical dimensions or limitations
in bandwidth, gain, and efficiency. These shortcomings pose
significant challenges for practical THz system implementation
[17]. Thus, further investigation into patch antenna structures is
essential to achieve improved performance. This study presents
the design and performance analysis of a compact, high-per-
formance pi-slotted elliptical patch antenna tailored for THz-
band 6G communication systems. Elliptical geometries provide
efficient current distribution, reduced surface-wave losses,
minimized cross-polarization levels, broader impedance band-
width, and the potential for enhanced gain and directivity [18].
Incorporating slots into the design can further improve imped-
ance matching and radiation efficiency, which are critical for
effective 6G communication [17], [19]. A pi-shaped slotted mi-
crostrip patch antenna is considered superior for modern wire-
less communication due to its ability to enhance performance
metrics simultaneously, such as achieving wide impedance
bandwidth, high gain, high efficiency, and compact size. The
pi-slot geometry acts as a reactive loading technique that alters
the surface current distribution, improving impedance match-
ing and enabling multi-frequency operation. The novelty of em-
ploying a pi-shaped slot in elliptical patch antenna design lies
in its first introduction within the THz spectral region, where it
demonstrates the capacity to simultaneously achieve substantial
size miniaturization, wideband or multi-band performance, im-
proved impedance matching, and gain.

The rest of the paper is arranged as follows. The antenna
design approach is discussed in Section II. Section III presents
the simulation results and performance analysis of the proposed
antenna. A comparison of the proposed antenna’s performance
with previously reported designs is given in Section IV. Finally,
key findings of the research are listed in Section V.

II. PROPOSED ANTENNA DESIGN

The proposed antenna has been designed and simulated
using CST Studio Suite 2018. An elliptical patch with a pi-
slot, a full ground, and a 50 Q feedline are incorporated in
the proposed pi-shaped slotted elliptical patch antenna. The
feedline is tapered from a wider base to a narrower tip used
for better impedance matching. Fig. 1 shows the front-facing
view and pi-slot structure of the proposed THz antenna. The
substrate material used is Rogers RT/duroid 5880, with a
relative permittivity (er) of 2.2 a loss tangent (tan 3) of 0.0009.
A substrate of 6 um thickness is used, and the patch, full ground,
and feedline structure are fabricated from annealed copper with
a thickness of 0.035 mm. This design methodology reflects a
hybrid approach combining: Geometric shaping of radiating
Element (elliptical patch) for smooth current distribution and
broad radiation characteristics, Slot loading (Pi-shaped slot)
enables multi-resonance tuning, broader bandwidth and higher
radiation efficiency, Parametric control for fine-tuning of
performance metrics.
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Fig. 1. (a) Front-facing view and (b) Pi-shaped slotted elliptical patch antenna.

The subsequent phase in the design process involves estab-
lishing the dimensions of the antenna structure, which are direct-
ly affected by its resonant frequency. This antenna is intended to
function within a frequency range of 4.5-9.5 THz, with an op-
erational frequency set at 5.5 THz. At this frequency, the wave-
length of the signal is considerably shorter than that at lower
frequencies, significantly influencing the antenna’s dimensions.
When designing an elliptical patch antenna, it is essential to de-
termine both the semi-major axis and semi-minor axis of the
patch. This calculation relies on the targeted resonant frequency,
substrate properties, and operating environment conditions.

The semi-major axis of the elliptical patch is computed as
follows [20], [21],

a=—= (1

where A is the wavelength in the dielectric medium which can
be calculated as
C

foeng @

where Eefr is the substrate’s effective dielectric constant,

Ay =
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Here, &, the relative permittivity, w the width and / the height
of the substrate, ¢ the speed of light, and £, being the resonant
frequency of the antenna. And semi-minor axis, b of an ellipti-
cal patch is calculated as

-4 )
=R

where, AR is the aspect ratio, which is chosen based on the de-
sign requirements and radiation characteristics.

The optimize design parameters of the proposed THz anten-
na are presented in Table I. Key design parameters, including
substrate dimensions, elliptical patch axes, feedline tapering,
and Pi-slot geometry, are carefully tuned to support dual-band
THz operation. The compact size of the designed antenna is 120
pum x 80 um?. The pi-shaped slotted elliptical antenna is excited
using a 50 Q tapered feedline, with the impedance maintained
at 50 Q to achieve high performance.

TaBLE |
OPTIMAL VALUES OF DESIGN PARAMETERS

Parameters (symbol) Value (num)

Width of substrate (Ws) 120
Length of substrate (Ls) 80
Thickness of substrate 6
Semi major axis (Xr) 46
Semi minor axis (Yr) 17.96
Thickness of patch & ground 1.2
Length of feedline (Lf) 22.04
Top-end width of feedline (Fw1) 8
Bottom-end width of feedline (Fw2) 18.64
Taper angle (o) 11.07°
Pi slot length (A) 18
Width of pi slot (B) 5
Legs length of pi slot (L) 9
Distance between the legs of pi slot (D) 4
Top-to-slot offset (C) 13.46

Tuning the pi-slot geometry is achieved through systematic
parametric variation in CST. CST allows defining the pi-slot
length, width, and position as parameters. These are varied sys-
tematically to observe their effect on S11 (return loss). Authors
run multiple simulations, adjusting geometry until the desired
THz band performance is achieved.

The shape of the initially designed radiating element is an
elliptical patch. The original elliptical patch is modified by in-

serting a pi-shaped slot. A pi-shaped slot can create multiple
current paths, enabling broadband operation. This slot is etched
for impedance matching, bandwidth enhancement, and anten-
na radiation characteristics improvement. The pi-shaped slot,
which is a modified inverted U-shaped slot, is well-known for
its relatively large impedance bandwidth. Hence, the dimen-
sions of the pi-slot are adjusted to achieve the lowest possible
input reflection coefficient of the antenna around the resonant
frequencies, and their position is chosen so that the radiating
structure can produce a wider bandwidth through multiple reso-
nances while also providing proper impedance matching at the
higher end of the operating range, ensuring stable performance
across the full THz band.

III. RESULTS AND PARAMETRIC INVESTIGATION

The design, simulation, parametric investigation and per-
formance analysis of the pi-shaped slotted patch antenna has
been carried out high-performance EM solver CST-MWS. The
performance of the proposed antenna has been investigated by
computing S11, bandwidth, gain, directivity, efficiency, and ra-
diation pattern, and surface current density from the simulator.

Fig. 2 demonstrates the impact of incorporating a pi-shaped
slot on the elliptical patch of the proposed THz antenna design.
It compares the reflection coefficient (S11) of the proposed
antenna with and without a pi-slot. The antenna with the slot
shows lower S11 values at key frequencies, indicating better
impedance matching, reduced reflection, and improved perfor-
mance. The inclusion of the pi-slot effectively reduces the re-
turn loss and alters the peak positions of the proposed antenna.
The operating range of frequencies of the antenna is 5.01 to
8.42 THz. A minimum S11 of —43.57 dB is observed at 5.645
THz, indicating excellent impedance matching. The presence
of two distinct resonant dips (at 5.645 and 7.715 THz) suggests
the antenna is designed for multi-band THz operation, which
is valuable for applications like THz imaging, spectroscopy, or
high-speed wireless communication.

Si1 (dB)

== Without slot
= With Slot

5 6 7 8 9

Frequency (THz)

Fig. 2. Comparison of |Si:| for proposed antenna with and without the pi-slot.
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The reason behind the shifting of the resonant frequencies
are as follows. The pi-slot elongates the path that surface cur-
rents follow, effectively increasing the electrical length of the
antenna, and lowers the fundamental resonant frequency. The
pi-slot introduces discontinuities that support multiple current
loops, each capable of resonating at different frequencies. This
leads to additional resonant peaks and broader bandwidth. The
slot acts as a combination of inductive and capacitive elements.
These reactive components shift the resonance by modifying
the input impedance and phase response. The slot also alters
the distribution of the electric and magnetic fields on the patch,
which changes the boundary conditions and shifts the natural
resonant modes. It can couple different parts of the patch or
ground plane, introducing mutual coupling that shifts resonant
frequencies.

The variation of S11 with different semi-major axis (Xr) of
the presented THz antenna is shown in Fig. 3, which depicts
that increasing the Xr while keeping the semi-minor axis (Yr)
constant leads to a downward shift in both primary and second-
ary resonant frequencies. As Xr increases (40 to 49 um), the
resonance frequency shifts downward. Larger Xr values effec-
tively increase the electrical length of the resonant structure,
lowering the natural frequency. Xr =40 um (black) resonates at
a higher frequency. Xr =49 um (blue) resonates at a noticeably
lower frequency. The bandwidth broadens with increasing Xr.
At smaller Xr (40 pm), the resonance dip is sharper and nar-
rower. At larger Xr (46—49 um), the dips are wider, meaning the
device maintains good impedance matching across a broader
frequency range. The resonance depth (minimum Si1) also im-
proves slightly with larger Xr, indicating better matching. Xr =
49 um shows both deep resonance and wide bandwidth, making
it robust in terms of performance.

Sl (dB)

5 . 6 . 7 . 8 . 9
Frequency (THz)

Fig. 3. Variation of |S11| with different Xr.

Fig. 4 shows the variation of radiation efficiency with dif-
ferent Xr of the proposed antenna. All curves show a sharp rise
in efficiency from ~4 THz to ~5 THz, then stabilize. Efficiency
improves consistently with increasing Xr, indicating better ra-

diation characteristics. Increasing the Xr enhances the effective
aperture and current distribution, reducing losses and improving
radiation. Larger Xr values likely improve impedance matching
and mode confinement, contributing to higher efficiency. Xr of
49 um yields the best radiation efficiency across the 4-9 THz
range. This makes it ideal for applications requiring power-ef-
ficient transmission, such as THz imaging, sensing, or commu-
nication.
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Fig. 4. Variation of efficiency with different Xr.

Fig. 5 shows the variation of gain with different Xr for the
designed antenna. As seen from Fig. 5, the directional gain in-
creases from 3.2 dB to 8.2 dB with increasing frequency for
all designs with different Xr while keeping the Yr constant. At
smaller Xr (40 um), the gain peaks are slightly lower and occur
at higher frequencies. As Xr increases, the gain peak values rise
modestly, with Xr = 46 um and 49 pm showing stronger gain
performance across the mid-THz band.

Gain (dB)

5 6 7 8 9
Frequency (THz)

Fig. 5. Variation of gain with different Xr.

Fig. 6 depicts the variation of Si1 with different length of
feedline (Lf) of proposed THz antenna. It is evident from Fig. 6



ELECTRONICS, VOL. 30, NO. 1, JUNE 2026 33

that as Lf increases (22.04 to 32.04 um), the resonant frequency
shifts downward. A larger Lf increases the effective path length
of the resonant structure, lowering its natural frequency. At
smaller Lf (22.04 pm), the resonance dip is shallower (around
—20 to —25 dB), indicating weaker matching. As Lf increases,
the resonance depth improves, with Lf = 30.04 pm and 32.04
um showing deeper dips (~ —35 to —40 dB), meaning stron-
ger impedance matching and reduced reflection. The dips also
broaden slightly with larger Lf, suggesting improved band-
width. Smaller Lf values produce sharper, narrower resonances,
while larger Lf values yield wider operational ranges.
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Fig. 6. Variation of [S11| with different Lf.

Fig. 7 illustrates how efficiency varies with frequency for
different values of Lf across the THz band. As seen the effi-
ciency varies from 55% to 85% in the operating THz range of
frequencies. All curves show a rapid initial rise (4.5-5.5 THz)
in efficiency, where larger Lf values (e.g., 30.04 um, 32.04 um)
reach higher efficiency slightly earlier compared to smaller Lf
values. Then it stabilizes across the band. There is a plateau
region (5.5-9.5 THz) where efficiency stabilizes between ~75—
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Fig. 7. Variation of efficiency with different Lf.

85%. The higher Lf values sustain slightly higher efficiency
across the plateau by enhancing impedance matching and mode
coupling. For example, Lf = 32.04 um (purple) maintains effi-
ciency closer to the upper bound (~85%), while Lf = 22.04 um
(black) sits nearer the lower bound (~75-78%).

Fig. 8 illustrates how the parameter Lf influences gain across
the THz frequency band. As Lf increases, the peak gain shifts
toward lower frequencies. Smaller Lf values (22.04 pm) yield
higher peak gain (~8.5-9 dB), while larger Lf values (32.04
um) produce lower peak gain (~6—7 dB). Thus, increasing re-
duces the achievable peak gain at lower range of frequencies.
At higher range of frequencies, at smaller Lf (22.04 pm), the
gain peaks are lower (around 5—6 dB). As Lf increases, the gain
peak values rise, with Lf = 30.04 um and 32.04 um reaching
closer to 8 dB.
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Fig. 8. Variation of gain with different Lf.

Fig. 9 depicts the influence of Top-End Width of Feedline
(Fw1) on the antenna’s reflection behavior. Narrower feedlines
(8 pm) tend to resonate at lower frequencies due to higher in-
ductance. Wider feedlines (14 pm) shift resonance upward but

oF _
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=230
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==Fwl =8 pm | |
-40 ==Fwl =10 um
= Fw1 =12 pm| ]
-50 + =——Fw]1 = 14 pm|-
-60 1 1 1 1 1
5 6 7 8 9

Frequency (THz)

Fig. 9. Variation of S11 with different Fw1.
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may degrade matching due to increased capacitive loading or
altered current distribution. The 10 um width feedline strikes
the best balance, which offers broadband performance with
multiple resonant dips.

Fig. 10 illustrates the impact of Fw1 on antenna’s efficiency.
All curves show a sharp increase in efficiency between 4.5 THz
and 5 THz. Beyond 5 THz, efficiency stabilizes above 80% for
all feedline widths. 8 um shows slightly reduced performance,
possibly due to higher conductor loss or impedance mismatch.
14 pm may introduce parasitic effects or altered current distri-
bution, slightly degrading efficiency. The 10 pm wide feedline
offers optimal radiation efficiency across the operating THz
band.
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80% [
> 75%
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Frequency (THz)

Fig. 10. Variation of efficiency with different Fw1.

Fig. 11 shows the impact of Fw1 on the THz antenna’s gain.
All curves show moderate gain variation across the band. Gain
generally increases with frequency, peaking between 7 to 8
THz, then slightly tapering off. Smaller Fwl values yield higher
peak gain at the resonant frequencies. In the operating range,
the gain decreases from about 7.8 dB to about 6.2 dB, this is
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g 65t
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O
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4.5 E
400 1 1 1 1 1
5 6 7 8 9
Frequency (THz)

Fig. 11. Variation of gain with different Fw1.

a reduction of roughly 1.6 dB across the range. So, a smaller
Fwl value of 8 um is chosen in the present design as a narrower
feedline at the connection point to the patch ensures the transi-
tion from the 50 Q feedline to the patch impedance is smooth,
reducing mismatch and improving return loss and efficiency.

The variation of S11 with frequency for different Pi slot
length (A) of the presented THz antenna is shown in Fig. 12.
The red curve for A=18 pm shows a strong dip well below -10
dB, indicating efficient impedance matching and reduced re-
flection. Around the resonant frequency, the -10 dB bandwidth
for A = 18 pm is broader than for A = 16 um or A = 22 um.
A =16 pm gives a resonance but S11 not as deep as below -10
dB, while A =20 um and 22 pum shift the resonance but with
less favorable reflection levels. The 18 um case strikes the best
balance between depth, bandwidth, and frequency positioning.
Therefore, looking at the S11 plot, the case of A = 18 um (red
curve) appears better because it achieves a deeper and more
stable resonant dip below the -10 dB threshold compared to the
other values.

Syl (dB)

Frequency (THz)

Fig. 12. Dependence of S11 on Pi slot length (A).

Frequency (THz)

Fig. 13. Dependence of S11 on different width of pi slot (B).
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Fig. 13 depicts the dependence of S11 versus frequency plot
on different values of width of pi slot (B). As seen from the
figure, the case of B = 5 pm (red curve) is better because it
achieves a deeper and more effective resonance compared to
the other values. B = 4 pm shows resonance but not as deep,
while B =6 pm and 7 um shift resonance with weaker dips. The
5 pm case balances depth, bandwidth, and frequency position-
ing most effectively.

The dependence of S11 versus frequency plot on Legs length
of pi slot (L) is shown in Fig. 14. As seen, L = 10 pm achieves a
very deep resonance dip (close to —50 dB); the dip is relatively
broad compared to L = 8§ um and 9 pm, meaning it covers a
wider frequency range effectively. L = 11 pm also shows good
bandwidth, but its resonance shifts lower in frequency. L = 11
pum is equally strong in matching but better suited if your de-
sign targets lower frequencies. When evaluating bandwidth and
impedance matching (resonance depth) together, the best-per-
forming case is L = 10 um (blue curve).

S| (dB)

Frequency (THz)

Fig. 14. Dependence of S11 on Legs length of pi slot (L).

Fig. 15 presents the simulated radiation efficiency of the
proposed pi-shaped slotted elliptical patch antenna. The an-

90% T T T T T

85%
80%
75%
70%
65%

Efficiency

60%
55%

50% b

5 6 7 8 9
Frequency (THz)

Fig. 15. Simulated radiation efficiency of the proposed antenna.

tenna possesses an efficiency of 77.43% at 5.645 THz, while
exhibits ~70-85% efficiency within the operating range of 5.01
THz to 8.42 THz, confirming low loss and effective radiation.
High radiation efficiency across the operating bands suggests
the antenna is well-suited for THz applications requiring high
power delivery, such as imaging, sensing, or high-data-rate
communication.

Fig. 16 presents the simulated VSWR (Voltage Standing
Wave Ratio) of the proposed THz antenna over the frequency
range 4.5 THz to 9.5 THz. A VSWR < 2 over a wide operat-
ing frequency band (5.01 to 8.42 THz) confirms the antenna
achieves excellent impedance matching with efficient power
transfer and minimal reflection losses, validating the antenna’s
suitability for broadband THz applications.

VSWR

5 6 7 8 9
Frequency (THz)

Fig. 16. VSWR of the proposed antenna.

Gain pattern of the pi-shaped slotted elliptical patch antenna
at 5.645 THz is depicted in Fig. 17(a), while its directivity pat-
tern is presented in Fig. 17(b). At 5.645 THz, the antenna exhib-
its a gain of 7.906 dB and a directivity of 9.017 dBi. Fig. 17(c)
shows the gain and directivity performance of the proposed
THz antenna over the range 4.5 to 9.5 THz. Gain peaks at ~5.6
THz, fluctuates 4.32 to 6.05 dB, and remains above 6 dB across
most of the spectrum, supporting strong radiation. The antenna
demonstrates consistently high directivity across the operating
THz range, fluctuating between 6.0 dBi and 9.5 dBi, indicating
strong directional radiation characteristics throughout the oper-
ating band. These results confirm its suitability in focused THz
applications such as point-to-point communication, imaging,
and sensing.

Gain fluctuations across the specified frequency band may
stem from several interrelated physical and design factors like
resonant mode behavior, slot geometry effects, Impedance mis-
match, and surface current distribution. The present UWB an-
tennas are designed to function across multiple resonant modes,
thereby enabling enhanced performance over a broad frequency
spectrum. Each mode may radiate differently, leading to peaks
and dips in gain at various frequencies. The slot introduces
multiple resonances. While this helps bandwidth, it can also
cause uneven gain due to varying coupling strength at differ-
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Fig. 17. (a) 3D farfield gain pattern, (b) 3D farfield directivity pattern, (c)
Gain and directivity versus frequency for the proposed THz antenna over the
operating frequency range.

ent frequencies. Even with good return loss, perfect impedance
matching across the entire UWB band is difficult. Minor mis-
matches at certain frequencies can reduce radiation efficiency,
causing gain dips. The current paths on the patch and ground
plane change with frequency. At higher frequencies, these paths
may become less efficient or radiate in undesired directions.
Fig. 18 presents the polar plot of the far-field electric field
(E-field) and magnetic field (H-field) at a frequency of 5.645 THz
for ¢ = 0°and 90°. At @ = (0°, 90°), the main lobes of the E-field
and H-field patterns are focused at (0°, 29°), with respective

magnitudes of (15.1 dB V/m, 20.8 dB V/m) and (-36.4 dBA/m,
—30.7 dBA/m). The 3 dB angular beamwidths are (47.7°, 21.3°),
and the side lobe level is —2 dB. The narrow beamwidth and low
side lobe level imply a highly directional antenna, ideal for THz
applications requiring spatial precision such as targeted sensing,
imaging, or line-of-sight communication where spatial resolu-
tion and minimal interference are critical.
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Fig. 18. 2D Farfield E-Field pattern at 5.645 THz for (a) ©=0°, (b) ©=90° and
H-field pattern for (c) @=0°, (d) @=90°.
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Fig. 19. Surface current at 5.645 THz.
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Fig. 19 shows the simulation result of the surface current
distribution of the proposed antenna at 5.645 THz. The maxi-
mum surface current density of 28,740 A/m occurs at the low-
er part of the feedline, the lower edges of the patch, and the
slot, attributed to field enhancement and boundary conditions.

Table II shows a summary of the performance metrics of the
proposed THz antenna. The low VSWR and high return loss
confirm that the antenna is well-tuned to its operating frequency.
The wide bandwidth and compact size make it suitable for on-
chip THz communication, spectroscopy, or imaging systems.
This antenna demonstrates excellent impedance matching, high
gain, directivity, and efficiency at terahertz frequencies. Input
impedance is very close to the standard 50 Q, which ensures
its compatibility with THz transmission lines and measure-
ment equipment. It balances compact size, broad bandwidth,
and high efficiency, which is rare at such high frequencies. The
present compact THz antenna achieves a notable gain of 7.906
dB, underscoring its effectiveness for directional transmission
and reception in point-to-point THz communication systems.
High directivity (9.017 dBi) indicates focused radiation, which
is ideal for targeted sensing or communication. Max Surface
Current of 28,740 A/m indicates strong resonance and active
current regions.

TaBLE 11
PERFORMANCE OF THE PROPOSED THZ ANTENNA

THz operation. “This Work™ achieves the widest bandwidth:
0.5-4.82 THz (=3100 GHz), supporting ultra-broadband THz
applications. [22] follows with 2.72-4.52 THz (=1250 GHz),
still impressive but narrower. “This Work” reach 7.906 dB, the
highest among all entries, ensuring strong signal transmission.

Ref. [7] tops with 98% efficiency, but again, its size is a lim-
iting factor. “This Work™ maintains a solid 77.43% efficiency,
balancing compactness with respectable efficiency. Elliptical
patch designs ([22], “This Work™) outperform others in gain
and bandwidth, likely due to smoother current distribution and
broader resonant modes. Rectangular and hybrid shapes [8],
[91, [19], show moderate performance, often limited by narrow-
er bandwidth and lower gain.

Proposed antenna design stands out as the most balanced
and optimized THz solution, offering: Ultra-compact size, Ex-
ceptional bandwidth, High gain, and Strong efficiency. It is par-
ticularly well-suited for next-generation THz systems requiring
miniaturization, broadband capability, and high-performance
radiation. In THz systems, miniaturization, broadband capa-
bility, and high radiation efficiency are critical. “This Work”
achieves an optimal balance of these factors, making it a strong
candidate for: On-chip THz communication, High-resolution
imaging, and Spectroscopy and sensing applications.

TaBLE 1T
COMPARISON WITH EXISTING THZ ANTENNAS

Patch Band Effi-
Size 120%80 (9600 um?) Ref. | Antenna Size ate AN0= 1 Gain | cien-
No. | (um2) (i) Shape/ (S11(@B)[ width | Gpn |70
Return loss -43.57 dB (at 5.645 THz) Substrate (GHz) (%)
Bandwidth 341 THz 207,
oy | 000100 fsquarer | oo | ERER] o g
VSWR 1.01 (at 5.645 THz) (12.33%,x12.332%,) | Polyimide : 25606 |
Radiation efficiency 77.43% (at 5.645 THz) THz)
Gain 7.906 dB (at 5.645 THz) 208 < 180 Rectangu- | _ 50 (0.696
B 1 (12160,x1.0520) |1ar/ Silicon | 2107 | thgy | 401 [ 6412
Directivity 9.017 dBi (at 5.645 THz)
Rectangular
Impedance 50.704 Q (at 5.645 THz) 100100 f o Circﬁ&r/ 199.6
[9] (4.810x SimdTef. | 5754 | ssTH | 276 | -
Surface current 28740 A/m (at 5.645 THz) 4.81,) lon
24 x 24 Square loop 38
10 0.302, S —28 23TH 5 60
IV. COMPARATIVE ANALYSIS 1] (0_3075 / Polyimide ¢ 2
Table III presents a comparative analysis of the proposed Circular 415
s h d ibili ith . desi [18] 300 x 300 tine / Poly- 045 (0.523— 5.87 80
antenna’s strengt. S an corr'lpa'n ility with previous lesigns. (0.852,x0.8521,) imig:ie y : 0.9395
The proposed pi-slotted elliptical patch antenna achieves a THz)
maximum bandwidth of 3100 GHz within a compact footprint 500 % 500 92
of 120 x 80 um? (9600 pum?), and demonstrates excellent radia- 19 2680 Rectangu- | cac | (0761 | (0| _
, o R : (o] o8, lar/ FR4 0853
tion characteristics including VSWR of 1.01, reflection coeffi- 2.68)) THz)
cient of —43.57 dB, gain of 7.906 dB, and efficiency of 77.43%.
The present design has the smallest footprint (9,600 um?), 1405100 pyjintical/ 1250
ideal for integration in THz chips or compact modules. [7] of- [22] (11 .g;i»g)x Rogers “27.08 (2'%'2)‘37 77691 89
fers excellent performance but at 1,000,000 um?, which is im- T
practical for miniaturized systems. [7] leads with -64.16 dB, Thi 120%80 Ellioical/ 3100
. . . . . . 1.
indicating super impedance matching. This Work and [22] both Wori (2.83%,% Rolgperfa -43.57 | (5.01-8.42 | 7.906 | 77.43
show -43.57 dB, which is still excellent and highly efficient for 1.892,) THz)
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V. CONCLUSIONS

In the THz frequency domain, the development of mi-
crostrip patch antennas capable of supporting high data rates
and wide bandwidth poses a significant engineering challenge.
This paper proposes a compact UWB elliptical patch antenna
featuring a pi-shaped slot and a 50 Q tapered feedline to address
the demand for high data rate THz transmission. An ellipti-
cal patch antenna has been designed with a pi-shaped slot for
the first time in the THz spectral region, enabling simultaneous
size miniaturization, wideband or multi-band performance, im-
proved impedance matching, and enhanced gain. Optimizing
the dimensions and geometry of the patch, slot, and feedline
was crucial for achieving wide bandwidth and low return loss.
The antenna size is compact 120x80x6 um3. The simulation
result obtained from CST simulator has shown the proposed an-
tenna exhibited broad impedance bandwidth of 3.41THz (from
5.01 to 8.42 THz), high gain of 7.906 dB, high directivity of
9.017 dBi acceptable radiation efficiency of 77.83%, and low
return loss of -43.57 dB and low VSWR 1.0, surface current
of 28740 A/m at 5.645 THz. The proposed antenna supports
ultra-high data rates owing to its wide bandwidth of 3.41 THz.
Additionally, it achieves a gain of 7.906 dB and an efficiency
of 77.83%. With its simple feeder structure, low manufactur-
ing cost, wide bandwidth, and high gain, the proposed antenna
presents a suitable candidate for THz high-speed communica-
tion applications. In future work, Machine learning algorithms
can be applied to optimize antenna geometries, predict perfor-
mance, and accelerate prototyping. The antenna’s performance
can be improved by applying different performance enhance-
ment methods and with the use of advanced materials and meta-
materials.

Future work will focus on developing suitable measurement
setups to experimentally validate the radiation characteristics
and further strengthen the reliability of the proposed design.
Simulation will be performed for the same design with the TLM
mesh using the CST. Future works will also aim to develop a
theoretical model to the design process of the Pi slotted THz
antenna. The skin effect and surface roughness will also be ac-

counted in the simulations.
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