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Isolation enhancement in dual-polarized patch antennas using TM2; and TE3o
modes for 6G sub-THz transceiver applications

Shanmugasundaram Bhoopalan!, Umathurai Saravanakumar!,
Jayaraman Kirubakaran', Muddineni Raveendra®

This study focuses on enhancing isolation in dual polarization antennas operating at different modes in order to suppress
coupling between transmitter (Tx) and receiver (Rx) without using any additional decoupling modelling. To validate the
proposed investigation approach, a transmitter antenna was simulated at 150 GHz in vertical polarization (V-Pol), and the Rx
works at 180 GHz in horizontal polarization (H-Pol). Later, both Tx and Rx were coupled in such a way that they excite in
orthogonal directions to each other, implying that the angle between Tx and Rx is approximately 90 degrees. In this case, the
Tx will function in TM21 resonance mode, having an operational bandwidth of 10 GHz at 150 GHz. While Rx will operate in
TE20 mode, with an operational bandwidth of more than 10 GHz at 180 GHz. This research achieves more than 30 dB isolation
simply by allowing Tx and Rx to operate in different modes under an orthogonal feeding setup. The proposed antenna provides
better than |S12| > 30 dB isolation with an isolation bandwidth of 51.42% in the sub-THz range from 130 GHz to 220 GHz
without the need for an extra decoupling mechanism. Finally, the results of the proposed research were validated using HFSS
and FEKO electromagnetic tools to explain simulation outcomes such as return loss, isolation, radiation efficiency, peak gain,
and radiation patterns.

Keywords: isolation enhancement, dual polarization, mode characteristics, isolation bandwidth, 6G, sub THz transceiver
applications

1 Introduction faces, and holographic communication [2]. Despite the
potential capabilities of THz frequencies, designing and
implementing efficient THz antennas presents numerous
significant hurdles. One important difficulty is free-
space route loss and air absorption, which significantly
limits the propagation distances and necessitate high-
gain, directional antennas. Furthermore, antenna down-
sizing at these high frequencies needs remarkable
fabrication precision, as even minor geometric errors can
result in significant performance degradation [2]. In 6G
sub-terahertz frequency bands, the requirement for high
isolation between transmit (Tx) and receive (Rx)
antennas becomes increasingly stringent, particularly for
frequency division duplex (FDD) transceiver archi-
tectures, where simultaneous transmission and reception
occur over adjacent frequency bands. Unlike lower
microwave or millimeter-wave systems, sub-THz
operation introduces severe electromagnetic challenges
due to extremely compact electrical dimensions,
enhanced surface-wave propagation, and strong near-
field coupling between closely integrated antenna
elements. As a result, even minor structural asymmetries
or substrate interaction can lead to substantial leakage
of transmitted power into the receive path. From
a system perspective, insufficient Tx-Rx isolation

With the global push for sixth-generation (6G) wire-
less technology gathering traction, researchers and
engineers are venturing into new territory in communi-
cation systems. A crucial step ahead in this evolution is
the transition from millimeter-wave frequencies, which
serve as the foundation for 5G networks, to the higher
terahertz frequency range envisaged for 6G. This
transformation has the potential to provide extremely
high data rates and minimal latency, but it also intro-
duces complex challenges, particularly in antenna
design and system integration. Fifth-generation (5G)
networks, which operate at mmWave frequencies
spanning from 30 to 300 GHz, can handle gigabit-per-
second data rates and have enabled new applications
such as augmented reality and self-driving automobiles.
Looking ahead, the wireless communication industry is
turning its focus to the THz spectrum (100 GHz to 10
THz) to meet 6G's stringent performance requirements,
which include data rates approaching 1 Tbps (terabit per
second) and sub-millisecond latency [1]. The sub-
stantially higher bandwidths accessible in the THz range
make it ideal for data-intensive applications such
immersive extended reality (XR), brain-computer inter-
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directly impacts receiver linearity and sensitivity, as
high-power leakage from the transmitter can saturate
low-noise amplifiers, increase the effective noise floor,
and introduce intermodulation products through
nonlinear components. These effects are particularly
detrimental in sub-THz links, where propagation losses
are already significant and link margins are inherently
limited. Consequently, achieving adequate isolation is
not merely a matter of electromagnetic compatibility,
but a fundamental requirement for maintaining dynamic
range, error-vector magnitude (EVM), and overall link
reliability in 6G communication systems. Furthermore,
traditional isolation enhancement techniques commonly
employed at lower frequencies — such as RF circulators,
ferrite isolators, absorptive shielding, or discrete de-
coupling networks — become increasingly impractical at
sub-THz frequencies.

In this context, antenna-level self-isolation emerges
as a highly effective and scalable solution for FDD-
based sub-THz systems. By exploiting orthogonal
polarizations, spatial mode diversity, or distinct electro-
magnetic modes, Tx and Rx antennas can be inherently
decoupled without relying on additional lossy or bulky
components. Such intrinsic isolation mechanisms
suppress mutual coupling at the source, thereby reducing
system complexity while preserving radiation perfor-
mance [11]. Mode-based isolation strategies are parti-
cularly attractive at sub-THz frequencies, where higher-
order modes can be selectively excited to achieve strong
field orthogonality and radiation nulls between co-
located antennas. Moreover, high self-isolation at the
antenna level enables simultaneous and continuous
bidirectional operation, which is essential for FDD
systems targeting ultra-low latency and high spectral
efficiency. As 6G networks are expected to support
applications such as holographic communications, high-
resolution sensing, and ultra-reliable low-latency links,
the ability to maintain stable Tx-Rx coexistence
becomes a decisive factor in transceiver design [12],
[13]. Therefore, self-isolated antenna configurations not
only enhance electromagnetic performance but also
facilitate compact integration, reduced power con-
sumption, and improved system robustness. the ne-
cessity of achieving high Tx-Rx self-isolation in sub-
THz 6G FDD systems is driven by a combination of
electromagnetic, circuit-level, and system-level con-
straints. Antenna designs that inherently suppress
mutual coupling through polarization or mode ortho-
gonality provide an efficient and practical pathway to
overcoming these challenges, making self-isolation
a key enabling technology for next-generation sub-THz
wireless transceivers [14, 15].

Most of the existing works rely on additional
structural or material-based de-coupling techniques,
such as mutual coupling reduction (MCR), graphene-
based coatings, cross stubs, or defected ground

structures (DGS), to achieve acceptable isolation levels.
While these approaches are effective to a certain extent,
they often introduce design complexity, increased
footprint, or performance trade-offs in terms of
bandwidth and efficiency. For instance, the antenna
reported in [3] operates at 28 GHz using an MCR-based
decoupling mechanism and achieves an isolation of 25
dB with a moderate impedance bandwidth of 42.85%.
However, the efficiency and peak gain remain limited
due to additional resonant loading introduced by the
decoupling structure. Similarly, the graphene metal
coating approach in [4] provides improved isolation of
30 dB but suffers from a narrow bandwidth (19.17%)
and lacks reported efficiency and gain data, making its
overall radiation performance difficult to assess.
Designs employing cross stubs [5] and DGS techniques
[6-8] demonstrate that higher isolation can be achieved
at lower or mmWave frequencies. However, these
benefits come at the cost of increased antenna size,
reduced bandwidth, or degraded radiation efficiency. In
particular, the DGS based antennas exhibit either
extremely narrow bandwidths (as low as 1.5% in [6]) or
relatively low isolation levels (15 dB in [8]), indicating
a clear trade-off between decoupling strength and
impedance bandwidth. Moreover, the incorporation of
ground-plane perturbations can adversely affect radia-
tion stability and complicate fabrication, especially for
higher-frequency applications [9, 10].

In contrast to the above-mentioned designs, the
proposed antenna achieves high isolation through an
intrinsic electromagnetic mechanism rather than by
introducing external decoupling structures. The en-
hanced isolation originates from the deliberate excitation
of orthogonal resonant modes in the transmitter and
receiver elements, combined with an orthogonal feeding
configuration. Specifically, the Tx operates in the TM3,
mode under vertical polarization, while the Rx excites
the TE»o mode under horizontal polarization, resulting in
inherently weak field overlap between the two ports.
Since the dominant surface current distributions and
radiated fields are oriented in mutually orthogonal
directions, the coupling paths between the Tx and Rx are
effectively suppressed at the modal level. As a result, an
isolation exceeding 30 dB is achieved across a wide
isolation bandwidth of 51.42% in the sub-THz range,
despite the absence of any dedicated decoupling
element. Furthermore, the avoidance of additional
decoupling structures eliminates parasitic loading and
ground perturbations commonly observed in prior
works, thereby preserving radiation efficiency and impe-
dance bandwidth. This modal-orthogonality-based
approach enables the proposed antenna to simulta-
neously realize wide bandwidth, high isolation, and
near-unity efficiency within a compact footprint, clearly
distinguishing it from previously reported designs that
rely on structural or material-based decoupling tech-
niques. Overall, the comparison clearly demonstrates
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that the proposed antenna effectively overcomes the
common limitations observed in existing designs by
simultaneously achieving wide bandwidth, high iso-
lation, and near-unity efficiency in a compact form
factor, without relying on conventional decoupling
techniques. This highlights the robustness and
scalability of the proposed approach, making it parti-
cularly suitable for next-generation sub-THz and beyond
5G and 6G wireless systems.

In this section, we covered the introduction to the
proposed antenna for sub-THz 6G applications. Section
2 describes the proposed antenna's design and function-
ning concept, as well as its modelling. Section 3 will
describe the suggested antenna's sensitive performance
investigation using parametric analysis. In the same
section, the isolation augmentation will be discussed.
Later, the radiation efficiency, peak gain, and radiation
patterns of the suggested antennas Tx and Rx will be
discussed in depth, along with a comparison of literature
antennas for completeness. Section 4 includes the
conclusion.

2 Proposed antenna design

To design the proposed dual polarization antenna as
shown in Figs. 1(a) and (b), initially the Tx has been
designed at TM;; resonance mode at 150 GHz in V-Pol.
To design Tx, initially, a ground copper line was
designed with width ¢ =0.1 mm and length p =2 mm
which is exactly one A at the target resonance frequency
of Tx that is 150 GHz. Later, to design the substrate for
the proposed antenna, the various PCB materials have
been studied in [9, 10]. The authors used Teflon sub-
strate with dielectric constant 2.2 and loss tangent 0.002
and they also fabricated their proposed antenna to
confirm their simulation results with practical results.
Therefore, in our research we choose the same electrical
specification to design the substrate with length and
widths are equal to AxA at 150 GHz (A is the wavelength
of the electromagnetic wave in the free space). In this
situation the thickness of the Teflon substrate is
approximately 10 mils (0.254 mm). Later a rectangular
patch has been mounted on the Teflon substrate. The
rectangular slots length and widths were also the same
as the substrate design. The thickness of the rectangular
patch is 10 um. Then a circular slot has been integrated
over the rectangular patch. The slot thickness is also
same as rectangular patch thickness. In this case the
radius of the circular slot is about 0.8 mm. As mentioned
before, the Tx will be resonated at TM»; mode in V-Pol
and its resonance frequency will be calculated from
Eqn. (1), where ¢ =3x108m/s, m = 3.14, r is the radius

of the slot which is equal to 0.8 mm in the context, and
X is the Bessel function whose value is about 3.054 at
TM;; mode.

F(TMyy) = —X (1)
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Fig. 1. Proposed dual polarization antenna for sub-THz
6G application: (a) receiver in H-Pol at 180 GHz,
(b) transmitter in V-Pol at 150 GHz

Next, to design the Rx antenna at 180 GHz in
H-Pol, the ground plane initial length p is about 1.8 mm
which is <A and width q is about 0.1 mm. The substrate
design procedure is very similar as Tx substrate design.
Though the operating wavelength of 180 GHz is quite
smaller than the 150 GHz, for mechanical convince, the
substrate dimensions as exactly same as Tx. Then, a rect-
angular slots length and widths were also same as the
substrate design. The thickness of the rectangular patch
is 10 um. Then a radiating slot has been designed as
shown in Fig. 1(a). This slot will act as radiating element
at 180 GHz. Here, the length of the slot is about 0.8 mm
which approximately <A /2. As per the theory, the half
wavelength slot will offer the resonance at fundamental
mode that is TEio. However, the operation bandwidth
(OBW) at fundamental mode will be too small relatively
less than 4 to 5%. Therefore, to supplement or extend the
slot apparent length, half wavelength slot has been
increased by length “c” supplement to initial half
wavelength to get higher order mode resonance
compared to fundamental resonance mode. The value of
the “c” is based on the resonance mode of the slot and it
has been fixed as 0.25 mm while the antenna operating
at TEx mode. To confirm its resonance mode, a detail
current distribution analysis has been performed in the
next section.

Finally, Figs. 2(a) and 2(b) illustrate the bottom and
top views respectively. All physical dimensions of the
proposed antenna are listed in Tab. 1.
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Fig. 2. Proposed dual polarization antenna for sub-THz
6G application: (a) bottom view, (b) top view

Table 1. The list of physical dimensions

Parameter a b c q r p q
Dimension | ¢ | o1 | 025 | 01 [ 04 | 18| 2
(mm)

3 Results and discussions

In the previous section, the Tx and Rx antennas was
modelled individually and derived their design concept
from the fundamental theory concept. In this section, the
Tx and Rx will be combined together as shown in Fig. 3.
The proposed antenna configuration consists of a dual-
layer, dual-polarized radiating structure designed to
support independent transmit (Tx) and receive (Rx)
operations in the sub-THz frequency range. As
illustrated in Fig. 3, the antenna comprises two stacked
radiating elements separated by a dielectric substrate,
with each element optimized to operate at a distinct
frequency band and polarization state as explained in the
previous section. This layered arrangement enables
simultaneous Tx/Rx functionality while maintaining a
compact footprint suitable for highly integrated 6G
front-end modules. The wupper radiating layer is
dedicated to the transmit path and operates at 150 GHz
with vertical polarization (V-Pol). This layer
incorporates a circular slot etched in the ground plane,
which is specifically engineered to excite the TMy,
mode. The circular slot geometry promotes azimuthal
field variation and polarization purity while suppressing
unwanted coupling to the lower layer. The excitation of
the TM»; mode results in a distinct current distribution
that supports vertical polarization and contributes to
inherent isolation from the receive antenna.

Circular Slot

_

Tx (V. Pol @ 150 GHz)

_/

T™a {

TE2 {

Fig. 3. Proposed dual polarization antennas for sub-THz
6G applications under dual polarization configuration
while transmitter and receiver operating at distinct
modes

Ground

-

\ Ground

Rx (H. Pol @ 180 GHz)

Rectangular Patch

The lower radiating layer functions as the receive
element and is designed to operate at 180 GHz with
horizontal polarization (H-Pol). This layer employs a
rectangular patch radiator backed by a dedicated ground
plane and is optimized to excite the TE» mode. The
rectangular geometry and feed configuration ensure
controlled field distribution along the horizontal axis,
enabling orthogonal polarization with respect to the
transmit antenna. The use of the TE»y mode further
enhances modal orthogonality between the Tx and Rx
paths. Each radiating element is associated with an
independent ground plane, which plays a critical role in
suppressing surface-wave coupling and limiting
electromagnetic interaction between the two layers. The
combination of orthogonal polarizations (V-Pol and H-
Pol), distinct operating frequencies, and mode diversity
TMaz; and TE»o provides strong intrinsic isolation without
the need for additional decoupling structures or lossy
isolation components. This self-isolated architecture is
particularly advantageous for frequency division duplex
(FDD) applications, where simultaneous transmission
and reception are required. The proposed dual-polarized
antenna structure leverages mode-selective excitation
and polarization orthogonality to achieve high Tx-Rx
isolation in the sub-THz regime. The design is well
suited for 6G transceiver systems, where compactness,
low loss, and stable coexistence between transmit and
receive channels are essential.

After arranging the Tx and Rx into their respective
polarizations, it is very important to know the influence
of each variable of the proposed antennas physical
parameter. Therefore, a sensitive investigation on each
parameter of the proposed antenna has been carried out.
This systematic investigation also helps to control and
tune the antenna performance. In this study, initially the
influence of parameter “a” has been investigates. Since
the Rx and Tx are very close to each other approximately
< A /2, therefore the half wavelength slot located at Rx
will also influence the performance of the Tx. Therefore,
the influence of “a” has been investigates for Tx and Rx
and investigated simulation results has been shown in
Figs. 4(a) and 4(b). The simulated return loss
characteristics of the suggested dual-polarized antenna
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for various rectangular slot length values are shown in
Fig. 4. The Tx and Rx ports are examined inde-
pendently. Figure 4(a) shows the Tx antenna running at
about 150 GHz (V-polarization), while Fig. 4(b) shows
the Rx antenna operating at approximately 180 GHz
(H-polarization). To investigate its impact on impedance
matching and resonance behavior, parameter a is
changed from 0.7 mm to 1.0 mm. Because of the longer
slot's increased effective electrical length, raising a
cause the Tx resonant frequency to shift toward the
lower frequency area, as seen in Fig. 4(a). The resonance
appears slightly above the target range for a = 0.7 mm,
but it shifts below the ideal frequency at ¢ = 1.0 mm.
Around 150 GHz, an ideal value of a = 0.8 mm yields
the finest impedance matching with a return loss of less
than —18 dB. Increasing a likewise causes the resonance
to move toward lower frequencies for the Rx antenna, as
shown in Fig. 4(b). The rectangular slot has a consi-
derable impact on the modal behavior at 180 GHz, as
evidenced by the slightly increased sensitivity of the Rx
resonance to a. When a=0.8 mm, the resonance
achieves excellent impedance matching with return loss
less than —20 dB and is in good alignment with the
intended Rx band. However, due to significant dis-
ruption of the current path, raising a further to 1.0 mm
slightly deteriorates the matching. These findings lead to
the conclusion that ¢ =0.8 mm is the ideal value for
achieving both appropriate resonance placement and
adequate impedance matching for the Tx and Rx bands.
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Fig. 4. The return loss of the (a) transmitter, and (b)
receiver under various values of “a”
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various “a

As seen in Figs. 5(a) and 5(b), the real and imaginary
components of the input impedance Zi: were examined
over the frequency range of 120-220 GHz in order to
further investigate the effect of a. There are two resonant
peaks in the real section of the impedance, both of which
move slightly toward lower frequencies as a rises. For
instance, the peak near 180 GHz for @ = 0.7 mm shifts to
roughly 172 GHz for a = 1.0 mm, which is consistent
with the structure's increased electrical length. The peak
magnitude, on the other hand, stays almost constant,
suggesting that a primarily affects the resonant
frequency rather than the resistive loss. The resonance
condition is confirmed when the imaginary part of the
impedance, as depicted in Fig. 5(b), crosses zero close to
150 GHz. The reactance behavior is only slightly im-
pacted by changes in a. Furthermore, as is common for
resonant antenna configurations, the impedance shows
inductive properties above resonance and capacitive
characteristics below resonance.

Similarly, Figs. 6(a) and 6(b), which represent the
real and imaginary components, respectively, display the
Rx impedance characteristics |Z»,| for various values of
a. For all simulated values of a, the real part of the
impedance is about 50 Q around 180 GHz, as shown in
Fig. 6(a), demonstrating satisfactory impedance
matching at the Rx port. In comparison to the other
scenarios, the impedance is marginally higher for a = 1
mm. For all values of a, a peak impedance of more than
200 Q around 160 GHz and roughly 150 Q at 220 GHz
is noted. The resonance happens close to 180 GHz, when
the reactance passes zero, according to Fig. 6(b). The
reactance stays positive over the majority of the
simulated frequency range, suggesting inductive-
dominant behavior below and above the resonance.
Additionally, there is little variance in the reactance
curves for various values of a, indicating that the
parameter a has little effect on the Rx impedance
characteristics.
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Fig. 6. The impedance |Z2;| of the receiver at 180 GHz in
the H-Pol (a) real part, and (b) imaginary part under
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The slot width b is the next design parameter taken
into consideration after examining the impact of the
rectangular slot length a. Figures 7(a) and 7(b) show the
simulated return loss of the Tx and Rx antennas for
varying values of “b” for V-polarization and H-pola-
rization, respectively. The findings show that better
impedance matching is typically achieved with smaller
values of b. The return loss at 150 GHz for the Tx
antenna improves to around —20 dB when 5 = 0.05 mm.
In the upper frequency range (>150 GHz), where greater
values marginally deteriorate the impedance matching,
the effect of » becomes more apparent. The return loss
for the Rx antenna was also assessed in the frequency
range of 120-220 GHz. Around 180 GHz, the best
matching is found at b = 0.1 mm, with a return loss better
than —22 dB; the worst matching is found at 5 =0.15
mm, with roughly —17 dB.
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Fig. 7. The return loss of the (a) transmitter, and (b)
receiver under various “b”
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Fig. 8. The impedance |Z;| of the transmitter at 150 GHz
in the V-Pol: (a) real part, and (b) imaginary part under
various “b”

Figures 8(a) and 8(b) display the Tx impedance
characteristics for various b values. As observed from
Fig. 8(a), the real part of the impedance remains close to
50 Q at 150 GHz, indicating good matching at the reso-
nance frequency. Near 160 GHz, a peak impedance of
more than 170 Q is noted. Higher impedance is produced
by smaller values of 4 in the lower frequency zone (<150
GHz) and bigger values of b in the higher frequency
region (>150 GHz). The Tx antenna's reactance behavior
is shown in Fig. 8(b). When the reactance crosses zero
at 150 GHz, resonance takes place. At the resonance

frequency, variations in b result in insignificant changes.
As is common with resonant antenna configurations, the
antenna behaves capacitively below resonance and in-
ductively above resonance.

The Rx impedance characteristics were investigated
similarly, as Figs. 9(a) and 9(b) demonstrate. According
to Fig. 9(a), for all values of b, the real part of the
impedance stays near 50 Q at 180 GHz, indicating cor-
rect matching at the Rx resonance. For the simulated
situations, the maximum impedance exceeds 200 Q and
happens around 162 GHz. The resonance happens at
about 180 GHz, according to the reactance charac-
teristics shown in Fig. 9(b). The best response is ob-
tained at this frequency when b = 0.1 mm. Both below
and above the resonance, the reactance continues to be
inductive dominant across the majority of the frequency
range.
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Fig. 9. The impedance |Z»| of the receiver at 180 GHz
in the H-Pol: (a) real part, and (b) imaginary part under
various “b”
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Variable ¢, which adds an extra effective length to the
half-wavelength rectangular slot to excite the higher-
order TE>) mode, was added to the parametric research.
Figures 10(a) and 10(b) display the simulated return loss
of the Tx and Rx antennas for ¢ = 0.2-0.35 mm. Smaller
values of ¢ enhance impedance matching for the Tx
antenna, with ¢ = 0.2 mm achieving a return loss lower
than —20 dB close to 150 GHz and ¢ = 0.35 mm pro-
ducing slightly worse performance. On the other hand,
the Rx responses are comparatively comparable for all
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values, with the sharpest notch of about —24 dB at 180
GHz produced by ¢ =0.35 mm. Figures 11(a), 11(b),
12(a) and 12(b) show the comparable impedance
characteristics. The true part of the impedance for the Tx
antenna peaks at 170 GHz, reaching 150 Q, and stays
close to 50 Q about 150 GHz. Reactance shows in-
ductive activity above resonance and capacitive
behavior close to resonance. The Rx antenna has a maxi-
mum impedance of almost 210 Q around 160 GHz, but
the true impedance is likewise close to 50 Q near 180
GHz. Over the majority of the frequency range, the
reactance is primarily inductive and passes zero close to
180 GHz, confirming the resonance.
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The inquiry was expanded to the variable q, which
denotes the ground plane width on the bottom layer of
the suggested antenna, after parameter ¢ was examined.
To investigate its impact on antenna performance, the
parameter g was changed between 0.1 mm and 0.25 mm.

Figures 13(a) and 13(b) display the corresponding Tx
and Rx return loss characteristics. For lower values of g,
the Tx antenna shows better impedance matching, as
shown in Fig. 13(a). Specifically, ¢ = 0.1 mm results in
a deep return loss notch about 150 GHz, whereas rising
g causes the resonance to shift toward higher frequencies
and somewhat deteriorate the matching. On the other
hand, for larger values of g, the Rx antenna exhibits
improved impedance matching and achieves return loss

Isolation enhancement in dual-polarized patch antennas using TM21 and TE20 modes ...

better than —20 dB, see Fig. 13(b). The Rx resonance is
shifted toward higher frequencies by smaller levels of ¢.

Figures 14(a) and 14(b) show the Tx antenna's impe-
dance characteristics. The real part of the impedance
stays near 50 Q at 150 GHz, as shown in Fig. 14(a),
demonstrating appropriate impedance matching at the
operating frequency. Near 180 GHz, a maximum impe-
dance of more than 250 Q develops, while ¢ = 0.3 mm
has the lowest impedance of all the simulated scenarios.
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Figures 15(a) and 15(b) display the Rx impedance
characteristics for various values of g. According to
Fig. 15(a), the lowest impedance (less than 200 Q)
happens at ¢ = 0.3 mm, whereas the greatest impedance
surpasses 340 Q when g = 0.1 mm. For all values of ¢,
the resonance condition (zero imaginary part) appears
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close to 180 GHz, as shown in Fig. 15(b). The Rx
impedance shows inductive reactance over the majority
of the frequency range, especially for ¢ = 0.1 mm. The
radius of the circular slot » was the subject of a para-
metric analysis in order to better optimize the antenna
performance.

Figures 16(a) and 16(b) show the return loss
responses of the Tx and Rx antennas in the 120-220 GHz
frequency range. Excellent impedance matching is
demonstrated by the Tx antenna's stable resonance
around 150 GHz, where » = 0.4 mm results in the deepest
return loss surpassing —25 dB. While changes in r mostly
impact the lower-frequency region around 125 GHz, the
primary resonance for the Rx antenna stays concentrated
about 180 GHz. Values of » =0.4-0.6 mm in the target
band preserve return loss better than —15 dB.
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Figures 17(a) and 17(b) show the Tx impedance
characteristics. For the majority of » values, the actual
part of the impedance stays near 50 Q at 150 GHz,
demonstrating stable impedance matching. The resonant
behavior is confirmed when the reactance crosses zero
around 145-150 GHz. At the design frequency, a smaller
radius (» = 0.4 mm) results in a reactance that is closer
to zero.

Figures 18(a) and 18(b) show the Rx impedance
characteristics. The Rx impedance is more sensitive to »
than the Tx. The true impedance at 180 GHz ranges from
roughly 50 Q to 100 Q, with »=0.4 mm offering the
closest match to 50 Q. The resonance point is indicated
by the imaginary component crossing zero close to 180
GHz, and changes in r somewhat alter the inductive and
capacitive behavior. Overall, the parametric analysis
shows that » = 0.4 mm offers the optimal trade-off for
both Tx and Rx operation, keeping an impedance near
50 Q with few reactive components and attaining pro-
found return loss at 150 GHz and 180 GHz.

In conclusion, the parametric analysis of the geo-
metrical variables a, b, ¢, g, and » shows that the
suggested dual-polarized antenna exhibits stable modal
behavior and controlled resonance tuning. The 150 GHz
TM>; and 180 GHz TE resonances exhibit predictable
shifts due to the rectangular slot length a, which mainly
modifies the effective current route. By altering the
capacitive coupling surrounding the aperture, the slot
width b affects the impedance matching depth. Higher-
order TE»p mode excitation in the Rx is made possible
by the supplemental length ¢, guaranteeing adequate
bandwidth without interfering with the Tx operation. At
the target frequencies, the circular slot radius » controls
the modal field distribution and fine-tunes the reactance
toward near 50 Q impedance, while the ground-plane
width ¢ influences surface current confinement and
modifies matching properties significantly. Crucially,
the orthogonal modal excitation between Tx and Rx is
maintained despite these parameters shifting resonance
positions and matching levels, demonstrating the
resilience of the intrinsic self-isolation mechanism
across dimensional alterations.

To further validate the radiation mechanism and
mode excitation of the proposed design, the surface
current distributions for the transmitter and receiver are
analyzed at their respective operating frequencies.
Figures 19(a) and 19(b) illustrate the current distribution
of the Tx at 150 GHz under V-Pol for phases of 0° and
90°. The distribution clearly depicts the excitation of the
TM; mode. At phase 0°, the current is predominantly
concentrated along the outer edges of the circular
radiator, showing strong intensity at the lower-left and
top-right quadrants. At phase 90°, the intensity shifts
toward the right edge of the structure, maintaining the
characteristic nulls and peaks associated with the TM»;
mode. The current distribution for the Rx at 180 GHz is
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presented in Figs. 20(a) and 20(b), operating under
H-Pol. The antenna excites the TEy mode, which is
essential for the receiver's performance at 180 GHz. At
phase 0°, strong current concentrations are visible
around the U-shaped aperture, particularly at the corners
and the feed point, facilitating efficient signal reception.
At phase 90°, the current distribution becomes more
localized and less intense, with the primary activity
concentrated along the bottom edge of the ground plane.
Aperture coupling: the distribution demonstrates that the
current is effectively coupled around the specific
geometry of the Rx, supporting the H-Pol requirement.
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Fig. 19. Current distribution of the proposed antenna of
the transmitter: (a) while phase is 0° degree, and (b)

phase is 90° in the V-Pol under TM»; mode at 150 GHz
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Fig. 20. Current distribution of the proposed antenna of
the receiver: (a) while phase is 0°, and (b) phase is 90°
in the H-Pol under TE» at 180 GHz

Their essentially different field configurations and
current symmetries are the source of the intrinsic
decoupling between the TM»; mode of the Tx and the
TE20 mode of the Rx. The major vertical electric field
components in the TMz; mode are aligned with the

V-Pol excitation due to the surface current's azimuthal
fluctuation with two circumferential maxima and a
distinctive nodal distribution. On the other hand, the
TE20 mode that is triggered in the Rx enables a field
distribution that is primarily horizontal, with negligible
vertical field components and two half-wavelength
fluctuations along the slot aperture. The spatial overlap
integral between the Tx and Rx modal fields becomes
intrinsically weak as a result of this orthogonal field
orientation and different current symmetry. Additio-
nally, effective power transfer through near-field
coupling channels is suppressed because the electric
field null regions of one mode physically coincide with
the peak regions of the other. Strong intrinsic isolation is
thus produced without the need for external decoupling
elements since the energy released by the TMy,
transmitter is ineffective at exciting the TE20 receiving
structure. The essential physical process underlying the
observed >30 dB Tx-Rx isolation is this modal field
orthogonality.

To ensure the accuracy and reliability of the proposed
antenna design, comprehensive cross verification was
conducted using two independent EM simulation
solvers: Ansys HFSS and Altair FEKO. Both HFSS and
FEKO solvers were built up with fine mesh parameters
and stringent convergence settings to guarantee simu-
lation accuracy at sub-THz frequencies. With a maxi-
mum mesh element size of less than /30 at the highest
simulated frequency (220 GHz) and a con-vergence
criterion for S-parameter change of 0.01, an adaptive
meshing approach was employed in HFSS. To reduce
reflections, radiation boundaries were positioned at least
M4 from the antenna structure. With fine mesh
granularity and enhanced basis function resolution close
to slots and edges, the method of moments (MoM) solver
was employed in FEKO. In areas of high field
fluctuation, manual mesh refinement was used to
precisely represent modal behavior. The steady agree-
ment between HFSS and FEKO across criteria for gain,
efficiency, isolation, and return loss validates the
simulation setup's resilience and lessens the possibility
of solver-induced inconsistencies. These safety measu-
res were required because sub-THz simulations are sus-
ceptible to numerical artifacts and meshing mistakes.
The results demonstrate a high degree of correlation
across the targeted frequency bands.
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Fig. 22. HFSS and FEKO simulation comparison to verify the correctness of the simulation result:
(a) radiation efficiency, (b) transmitter peak gain, and (c) Rx peak gain

Figures 21(a), 21(b) 21(c) provide the comparison of
S-parameters between the two software packages. The
return loss for the Tx and Rx shows excellent agreement,
with both solvers predicting resonances at 150 GHz and
180 GHz respectively. The Tx return loss levels are
maintained well below —15 dB at the 150 GHz, while Rx
return loss demonstrates a sharp resonance exceeding -
20dB at 180 GHz in both environments. Mutual
coupling between the Tx and Rx ports is depicted in
Fig. 21(c). The isolation remains significantly better
than —30 dB across the entire operating bandwidth. This
high isolation is critical for preventing interference
between the transmitter and receiver modules in a high-
frequency integrated system. The radiation charac-
teristics, including efficiency and peak gain, are summa-
rized in Figs. 22(a), 22(b) and 22(c) respectively. The
antenna maintains exceptionally high efficiency, con-
sistently exceeding 96% across both the 150 GHz and
180 GHz bands with maximum radiation efficiency
reaches to 99.63%. Minor discrepancies between HFSS
and FEKO (within approximately 1%) are observed,
which can be attributed to the different numerical
methods used for meshing and boundary conditions. As
shown in Fig. 23(b), the Tx provides a stable peak gain
of approximately 6.0 dBi from 145 to 155 GHz. Simi-

larly, the Rx peak gain, illustrated in Fig. 23(c), remains
steady around 6.0 dBi across the 175 to 185 GHz range.

To benchmark the proposed antenna against existing
state-of-the-art designs, a comparative analysis is pre-
sented in Tab. 2. This comparison evaluates key metrics
such as operating frequency, bandwidth, isolation, and
efficiency. As summarized in Tab. 1, the proposed
design offers several distinct advantages over recently
published works: With a compact physical footprint of
2x2x1.508 mm?, the antenna is significantly smaller
than most designs operating at lower microwave and
millimeter-wave frequencies. Operating at a center
frequency of 175 GHz, the design achieves a wide
isolation bandwidth (IBW) of 51.42%, outperforming
many referenced structures that rely on complex
decoupling techniques. The proposed antenna reaches a
peak radiation efficiency (1) of 99.63%, which is higher
than the efficiency reported in [3, 6, 7]. A standout
feature of this work is the achievement of 30.12 dB
isolation without the need for external decoupling
structures like DGS, Cross Stubs, or MCR. This
simplifies the fabrication process while maintaining high
performance.
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Table 2. The performance comparison of the proposed antenna with literature antennas
f=resonance frequency, NA = not accessible, NP = not provided, IBW = isolation bandwidth

. . Peak
. Decoupling IBW Isolation o .
Reference Year Antenna size e f(GHz) (%) (dB) n(%) gain
(dBi)
[3] 2025 7.6x11x0.51 MCR 28 42.85 25 92.5 4.2
[4] 2025 NA Graphene metal | ) 19.17 30 NP NP
coating
[5] 2026 52x52%0.8 Cross stubs 32 88 22.5 98.3 10.73
[6] 2025 | 35x35x0.508 DGS 13 1.5 25 80 7.02
[7] 2025 23x15x1.6 DGS 4 50 28 95 8.3
[8] 2025 16.2x25.6 DGS 7.35 99.31 15 NA 6.2
No decoupling
Proposed NA 2x2x1.508 175 51.42 30.12 99.63 6.44
structure

The far-field radiation characteristics of the proposed
antenna are validated through 2D radiation patterns at
the primary design frequencies of 150 GHz and 180
GHz. The results from HFSS and FEKO are compared
to verify the directional properties of the transmitter (Tx)
and receiver (Rx). Figures 23(a) and 23(b) illustrate the
radiation patterns for the Tx at 150 GHz under V-Pol,
corresponding to the excitation of the TM»; mode. The
patterns are shown for phi=0° and phi=90°. Both
simulation solvers predict a relatively broad beamwidth
with a peak gain focused towards the boresight direction.
There is a high degree of correlation between HFSS
(green line) and FEKO (pink line), with only minor
deviations observed in the back-lobe regions.

dBi

(a) (b)
Fig. 23. The radiation patterns of the proposed antenna
of the transmitter (a) while ¢ =0° (E-Plane), and
(b) ¢ =90° (H-plane) in the V-Pol under TM»; mode at
150 GHz

dBi

——— HFSS

FEKO

(a) (b)

Fig. 24. The radiation patterns of the proposed antenna
of the Rx (a) while ¢ = 0° (E-Plane), and (b) ¢ = 90°
(H-plane) in the H-Pol under TE2 mode at 180 GHz

Figures 24(a) and 24(b) present the radiation patterns
for the Rx at 180 GHz under H-Pol. The structure for the
Rx is designed to operate in the H-Pol state at 180 GHz.
The patterns at phi =0° and phi =90° exhibit well-
defined lobes. The main lobe intensity remains con-
sistent across solvers, confirming stable directive gain at
the higher frequency band.

It is crucial to recognize the practical difficulties rela-
ted to fabrication and experimental validation at sub-
THz frequencies, even if the current study is fully
simulation-based [16]. Because even micrometer-level
variations in patch geometry, feed-line width, or ground-
plane dimensions can drastically alter the resonant
frequency and impair impedance matching and isolation
performance, dimensional tolerances become crucial at
these frequencies. Additionally, differences between
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simulated and measured findings may be caused by
substrate parameter uncertainties, specifically variances
in the dielectric constant and loss tangent at sub-THz
bands [17, 18]. Conductor losses, which are frequently
underestimated in full-wave simulations, are further
increased by the metallization layer's surface roughness.
From the measurement standpoint, precise characteri-
zation necessitates sub-THz compliant connectors, high-
precision probe stations, and meticulous calibration
methods like TRL (Thru-Reflection Line) or SOLT
(Slot-Open Load Thru) to reduce systematic errors.
Notwithstanding these practical difficulties, the simu-
lated results offer a solid theoretical basis for upcoming
fabrication and experimental validation.

To understand the effect of antenna element sepa-
ration on mutual coupling, a parametric study was
conducted by varying the gap between the Tx and Rx
antennas from 0.5 mm to 2 mm, which approximately
corresponds to A/4 to A within the operating frequency
range. The simulated transmission coefficient S), for
different separations is shown in Fig. 25.
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Fig. 25. The proposed antenna’s isolation as a function
of gap separation between the transmitter and receiver

The results indicate that increasing the separation
generally reduces mutual coupling, as the electro-
magnetic near-field interaction between the two
radiating elements decreases. For the smallest gap (0.5
mm), the antennas exhibit relatively higher coupling

because strong reactive near-field components exist
between the closely spaced elements. As the spacing
increases to 1 to 1.5 mm, the isolation improves signi-
ficantly, remaining below approximately —35 dB across
most of the operating band. When the separation
approaches 2 mm (=}), the isolation is further improved
in several frequency regions, reaching values below —50
dB. However, the variation with frequency is not strictly
monotonic due to frequency-dependent field coupling,
surface-wave propagation on the substrate, and phase
interactions between the radiated fields. These results
confirm that the selected spacing provides a suitable
trade-off between compact antenna integration and high
isolation performance.

To further evaluate the proposed antenna design,
simulation results were cross-verified using two full-
wave electromagnetic solvers, FEKO and HFSS, as
shown in Fig. 26. The comparison includes critical
MIMO performance characteristics such as Envelope
Correlation Coefficient (ECC), Diversity Gain (DQ),
and Channel Capacity Loss (CCL) at operating
frequencies ranging from 120 to 220 GHz. As illustrated
in Fig. 25(a), the ECC values obtained from both solvers
are extremely similar and remain very low across the
whole band, declining from around 0.018 at 120 GHz to
virtually nil at higher frequencies up to 220 GHz,
indicating very little correlation between the antenna
ports. Effective diversity performance is confirmed by
Fig. 25(b), which demonstrates that the DG stays nearly
constant at about 10 dB across the working region.
Additionally, throughout the whole frequency range, the
CCL values shown in Fig. 25(c) stay below 0.3 bits/s/Hz,
meeting the widely recognized MIMO performance
requirements. The consistency and dependability of the
simulated performance of the suggested antenna
construction are demonstrated by the strong agreement
between the FEKO and HFSS results.

Future research will use circuit-based simulation
tools like Keysight Advanced Design System (ADS) to
create an equivalent circuit model of the suggested
antenna. From a circuit-level perspective, the RLC-
based representation will offer more insight into the
antenna's impedance behavior and resonance charac-
teristics. The full-wave electromagnetic validation
carried out with ANSYS HFSS and Altair FEKO will be
significantly enhanced by this investigation.
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Fig. 26. HFSS and FEKO simulation comparison to verify the correctness of the simulation result:
(a) ECC, (b) DG, and (c) CCL

4 Conclusion

This paper describes a self-isolated dual-polarized
patch antenna for sub-THz 6G transceiver applications
that achieves strong Tx-Rx isolation without the usage
of any additional decoupling structures. The suggested
method takes advantage of intrinsic electromagnetic
properties by purposely stimulating orthogonal higher-
order modes in the transmit and receive channels. The
transmitter operates in the TM»; mode with vertical
polarization at 150 GHz, while the receiver excites the
TE» mode with horizontal polarization at 180 GHz.
When combined with an orthogonal feeding setup, this
mode-selective excitation produces little field overlap
and significantly reduced mutual coupling at the antenna
level. The impact of important geometrical parameters
on impedance matching, resonance stability, and modal
behavior has been thoroughly investigated using
extensive parametric analyses. The results show that fine
control over slot size and ground-plane parameters
allows for separate tuning of the Tx and Rx resonances
while maintaining polarization purity and modal
orthogonality. Surface current distribution study reveals
satisfactory excitation of the targeted TMzjand TExg
modes, verifying the isolation mechanism physically.
The suggested antenna achieves an isolation level more
than 30 dB over a wide isolation bandwidth of 51.42%
ranging from 130 GHz to 220 GHz, which is especially
important for frequency division duplex (FDD)
operation in the sub-THz range. Despite its small size
(2x2x1.508 mm?), the antenna achieves a peak radiation
efficiency of 99.63% and a consistent peak gain of 6.44
dBi. Cross-verification with the HFSS and FEKO
solvers shows significant agreement in S-parameters,
radiation efficiency, gain, and radiation patterns,
verifying the proposed design's resilience and numerical
dependability. A thorough comparison with previously
published antennas reveals that many present methods
use defective ground structures, parasitic elements, or
material-based decoupling strategies to improve iso-

lation, typically at the sacrifice of bandwidth, efficiency,
or structural simplicity. In contrast, the suggested
antenna achieves competitive or higher isolation and
efficiency without requiring extra decoupling devices,
simplifying fabrication and boosting scalability for
highly integrated sub-THz front-end modules. Overall,
this study shows that mode-based self-isolation,
accomplished by higher-order mode excitation and
polarization orthogonality, is an effective and realistic
method for reducing Tx-Rx coupling in tiny sub-THz
antennas. The suggested design is ideal for future 6G
transceiver systems that require strong isolation, wide
bandwidth, and great radiation efficiency in a compact
form factor. Future research could broaden this notion to
include experimental validation, array-level integration,
and on-chip or package-integrated implementations to
better serve upcoming sub-THz wireless communication
platforms.
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