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Abstract

This paper presents a compact two-port MIMO antenna designed for 0.1-
1THz applications. The antenna features a multi-stage notched microstrip
patch, fed by a 50-ohm line with a 0.02 mm feed width, built on a polyimide sub-
strate (thickness: 0.04 mm, ¢, = 4.3, loss tangent = 0.004). With a footprint of
0.4 x 0.79mm?, it resonates at 0.372 THz and 0.762 THz, offering bandwidths
of 20 GHz and 60 GHz.

Simulations using HF'SS v15 show return losses of —30.73 dB and —31.76 dB,
VSWRs of 1.06 and 1.05, and high gains of 5.00dBi and 13.30dBi. The de-
sign ensures strong isolation (ECC < 0.02), making it suitable for compact,
high-gain THz MIMO systems.

Key words: compact design, dual-band, ECC, HFSS, high gain, terahertz
antenna

1. Introduction. The rapid evolution toward sixth-generation (6G) wire-
less systems is driving the exploration of the terahertz (THz) band (0.1-10 THz),
promising ultra-high data rates, sub-millisecond latency, and compact integration
with intelligent nanoscale devices [1,2].
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However, designing efficient, high-gain, and miniaturized antennas that oper-
ate across wide bandwidths in the THz spectrum remains a formidable challenge
due to high propagation losses, mutual coupling, and fabrication constraints at
microscale dimensions [3,4].

Recent advancements have offered promising directions. The integration of
metamaterial structures has led to significant improvements in antenna gain and
directivity. For instance, BENKHALLOUK et al. [5] employed dielectric super-
strates and D-SRR configurations to enhance gain and directivity for imaging
applications. Similarly, AHAMMED et al. [6] and AMRAOUI et al. [7| designed
MIMO systems with metamaterial loading and defected ground structures (DGS),
achieving high isolation and gain. AMRAOUI et al. further explored frequency-
selective surfaces (FSSs) [8] and linear MIMO arrays [9] for compact multi-port
architectures with reduced envelope correlation coefficients (ECC).

Moreover, the works of ALIBAKHSHIKENARI et al. [3] and RAGHUNATH et
al. [4] demonstrated on-chip and compact quad-port THz antennas capable of
operating within 0.2-13 THz, targeting high-speed, high-isolation use cases. From
a systems perspective, recent reviews by NING et al. [1], BODET et al. [2], and
DiEz-CoMAS et al. [10] have highlighted the role of spatial beamforming, leaky-
wave arrays, and directional antennas in enabling high-capacity sub-THz MIMO
communication.

Despite these advancements, a gap persists: most reported designs optimize
gain, bandwidth, or isolation independently but fall short of providing a holis-
tic solution that offers high directional gain, wide dual-band coverage, ultra-
compactness, and robust MIMO performance within the lower sub-THz spec-
trum (0.1-1 THz). This frequency range is especially relevant for integrated THz
transceivers in 6G-enabled IoT, nano-communication, and medical sensing appli-
cations where space, efficiency, and spectral agility are paramount.

To address this, we propose a compact two-port THz MIMO antenna opti-
mized for the 0.1-1 THz range, leveraging a multi-stage notched microstrip patch
on a polyimide substrate (¢, = 4.3, tand = 0.004). With a footprint of only
0.4 x 0.79 mm?, the antenna achieves dual resonances at 0.372 THz and 0.762 THz,
supporting wide bandwidths of 20 GHz and 60 GHz, respectively. Simulations in
Ansys HFSS v15 show excellent impedance matching (S1; < —30dB), high gains
(5.00 and 13.30dBi), and low ECC (< 0.02), confirming the design’s suitabil-
ity for compact, high-throughput 6G applications. Unlike previous works, our
antenna delivers high gain, wideband dual-band operation, strong MIMO isola-
tion, and low-profile geometry in one unified structure, filling a critical gap in the
state-of-the-art.

The remainder of this paper is organized as follows. Section 2 details the an-
tenna design methodology and simulation setup. Section 3 presents and analyzes
the simulation results, including return loss, VSWR, gain, and radiation patterns.
Finally, Section 4 concludes the paper.
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2. Antenna design. The proposed two-port MIMO antenna is developed
for terahertz (THz) communication systems spanning the 0.1-1 THz frequency
range. It employs a notched microstrip patch architecture that enables dual-
resonant behaviour while maintaining compactness and isolation. The structure
is built on a polyimide substrate with a thickness of 0.04 mm, relative permittivity
e, = 4.3, and loss tangent of 0.004. The bottom surface of the polyimide substrate
is fully metallized with copper to form the ground plane. A 50-ohm microstrip
line with a feed width of 0.02 mm is used to excite each radiating element.
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Fig. 1. Simulated antenna design and performance: (a) Front and (b) Back views, (c) Scattering
parameters, (d) VSWR, (e) ECC, (f) Diversity Gain, (g) Mean Effective Gain, (h) Total Active
Reflection Coefficient, (i) Detailed geometric dimensions of the multi-stage notch
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The antenna occupies an ultra-compact footprint of 0.4 x 0.79 mm?, making it
suitable for integration in next-generation THz modules. Figure 1(a), (b), and (i)
illustrates the front, back views and the detailed geometric dimensions of the
multi-stage notch of the proposed antenna, respectively, while the corresponding
design parameters are summarized in Table 1.

Table 1

Geometrical dimensions of the proposed antenna

Parameter | Value (mm) || Parameter | Value (mm)

Sw 0.40 Gy 0.79
S 0.79 Fy 0.02
P 0.20 F 0.10
Py, 0.20 D, 0.05
Gu 0.40 Do 0.19
Ly 0.015 Lo 0.015
L3 0.015 Ly 0.015
Ls 0.015 Lg 0.01
L7 0.015 Lg 0.025
D3 0.1 Dy 0.1

Ds 0.38 Dg 0.2

D~ 0.108 Lo 0.02

The patch geometry is modelled using standard design principles of rectan-
gular microstrip antennas. The resonant frequency of the dominant TMig mode
can be approximated as

C
(1) fTZM7

where c is the speed of light, L is the effective patch length, and e.g is the effective
dielectric constant, given by

1 1 h\ Y2
(2) Seffzgr—i— +6T2 (1+12> )

2 w
The effective length Leg accounts for fringe effects and is expressed as
(3) Leg = L+ 2AL
with the edge extension AL calculated by

(gefr +0.3) (4 +0.264)

(4) AL = 0.412h - :
(cefr — 0.258) (&£ +0.8)

These equations guide the preliminary dimensioning before optimization via
full-wave simulations using Ansys HFSS.
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3. Results and discussion. The simulated results validate the superior per-
formance of the proposed compact THz MIMO antenna across multiple key met-
rics. As depicted in Fig. 1(e), the Envelope Correlation Coefficient (ECC) remains
consistently below 0.02 throughout the operational band, indicating excellent iso-
lation between ports and minimal correlation, which is vital for spatial diversity.
This translates into a near-ideal Diversity Gain (DG) of 10dB, as illustrated in
Fig. 1(f), ensuring robust MIMO performance under multipath conditions.

The Mean Effective Gain (MEG) values for both ports lie within the optimal
range of 0 to 0.5 (Fig. 1(g)), reflecting balanced reception power and confirming the
antenna’s efficiency in multipath-rich environments. The Total Active Reflection
Coefficient (TARC), presented in Fig. 1(h), varies between 0.5 and 3.5, indicating
acceptable active matching characteristics under simultaneous excitation.

In terms of impedance matching, the proposed antenna exhibits two well-
defined resonances at 0.372 THz and 0.762 THz, with return losses of —30.73dB
and —31.76 dB, respectively, (Fig. 1(c)), and corresponding VSWR, values of 1.06
and 1.05 (Fig. 1(d)). These values confirm excellent matching performance across
a wide operational bandwidth of 20-60 GHz.

As shown in Fig. 2(a) and (b), the antenna achieves high realized gain levels
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Fig. 2. Simulated gain, radiation patterns, and performance metrics of the proposed antenna:
(a) Gain at 0.372 THz, (b) Gain at 0.762 THz, (c) Radiation pattern at 0.372 THz, (d) Radiation
pattern at 0.762 THz, (e) Total gain over frequency, (f) Radiation Efficiency over frequency,
(g) Surface current distribution at 0.372 THz, (h) Surface current distribution at 0.762 THz
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of 5.00dBi and 13.30dBi at the two resonant frequencies, respectively. Further-
more, the gain profile across the entire frequency range (Fig. 2(e)) remains stable,
while the radiation efficiency exceeds 94% (Fig. 2(f)), further emphasizing the
suitability of the design for high-speed THz wireless communication systems. The
radiation patterns and current distribution (Fig. 2(c, d, g, h)) confirm the an-
tenna’s directional characteristics and efficient radiation at both resonant modes.

As shown in Fig. 2(c) and (d), the radiation patterns at 0.372THz and
0.762 THz exhibit different main beam directions. This shift in the maximum
radiation direction is primarily due to the change in operating frequency, which
alters the effective electrical length of the slot and the phase distribution across the
aperture. At higher frequencies, the wavelength becomes shorter, which can cause
the radiation to become more directional or steer in a different angle. Addition-
ally, the dimensions of the multi-stage slots significantly influence both impedance
matching and radiation characteristics. By varying the slot lengths, widths, and
spacing, the structure supports multiple resonances and controls current distri-
bution along the surface, enabling better matching and shaping of the radiation
pattern. These design choices directly affect how energy is radiated at each fre-
quency, leading to the observed directional differences.

For a two-port MIMO antenna system, the ECC can be approximated using
S-parameters as

ST1S12 + S5;S22|?

5 ECC =~ .
®) =TS0 = S )1 — Sl = S2P)

Diversity Gain is derived from ECC as

(6) DG = 10y/1 — (ECC)2.
The Mean Effective Gain (MEG) for each port is calculated by

(7) MEG; = 0.5- (1 — [S11|> — [Sa1[?),
8) MEGs = 0.5 - (1 — [Sa2|? — [S12]?).

TARC is computed as

(9) TARC — \/|Sll + S12]% + [S21 + Sa2|?
5 )

As summarized in Table 2, the proposed dual-band THz antenna exhibits
significant advantages over recently published designs in terms of compactness,
bandwidth, and radiation performance. With a compact footprint of only 0.40 x
0.79mm?, the antenna achieves dual resonances at 0.372 THz and 0.762 THz, tar-
geting key frequencies in the terahertz band. The corresponding bandwidths of
40 GHz and 60 GHz are notably wider than those of prior works such as [11-14],
demonstrating enhanced operational flexibility for broadband THz applications.
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In terms of radiation performance, the antenna delivers peak gains of 5.00 dBi
and 13.30dBi at the respective resonant frequencies, surpassing the gain levels of
most existing THz antennas, which generally remain below 10dBi. Furthermore,
the antenna maintains a very low Envelope Correlation Coefficient (ECC) below
0.02 across both bands, indicating excellent spatial diversity and minimal mutual
coupling — an essential characteristic for high-performance MIMO systems. The
corresponding Diversity Gain (DG) remains close to the theoretical maximum of
10, while the Mean Effective Gain (MEG) values lie within the expected range of
0 to 0.5, ensuring a balanced reception capability across different antenna ports.

Additionally, the Total Active Reflection Coefficient (TARC) remains below
3.5 over the operating bands, confirming strong impedance matching even under
simultaneous multiport excitation. The simulated Voltage Standing Wave Ratio
(VSWR) is maintained around 1.05-1.06, further verifying excellent input match-
ing. Notably, the radiation efficiency of the antenna reaches up to 94%, indicating
minimal losses and high radiative effectiveness at terahertz frequencies.

Overall, these results collectively establish the proposed design as a promising
candidate for future 6G and ultra-high-speed wireless communication systems
operating in the THz regime. The combination of compact size, high gain, wide
bandwidth, and strong MIMO characteristics positions this antenna favourably
among contemporary state-of-the-art solutions.

4. Conclusion. A compact high-gain two-port MIMO antenna operating
across the 0.1-1 THz band has been proposed and analyzed. The design, based on
a multi-stage notched microstrip patch architecture and implemented on a poly-
imide substrate, demonstrates outstanding performance in terms of impedance
matching, bandwidth, gain, and mutual coupling. Dual resonances at 0.372 THz
and 0.762 THz achieve respective bandwidths of 20 GHz and 60 GHz, with return
losses below —30dB and VSWR values close to unity. The antenna offers signifi-
cant directional gains of 5.00 dBi and 13.30 dBi, while maintaining an ECC value
below 0.02, confirming its excellent diversity performance.

Given its ultra-compact footprint of 0.4 x 0.79 mm? and strong radiation char-
acteristics, the proposed design is highly suitable for future THz wireless systems,

Table 2

Comparison of reported dual-band THz antennas with the proposed design

1494

Reference Size Resonant Bandwidth | Max Gain
(mm?) Freq. (THz) (GHz) (dBi)
[11] 0.50 x 0.50 0.60, 0.70 50 8.36
[12] 0.59 x 0.59 0.65, 1.13 110 9.45
[13] 1.00 x 1.20 0.395, 0.629 24 3.19
[14] 2.70 x 3.65 0.12, 0.17 6 6.24
This work | 0.40 x 0.79 0.372, 0.762 40, 60 5.00, 13.30
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including short-range ultra-high-speed communications, nanoscale sensing, and
next-generation 6G applications. Future work will focus on fabrication, exper-
imental validation, and performance benchmarking against state-of-the-art THz
MIMO antenna structures.
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