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ABSTRACT

This comprehensive study introduces a meticulously designed and characterized
terahertz (THz) multiple-input multiple-output (MIMO) antenna engineered to
operate within the 0.4 THz to 1.6 THz frequency range. The antenna’s con-
struction includes a copper patch and ground plane integrated into a polyimide
substrate, ensuring exceptional durability and robust performance. Significantly,
the antenna reveals four distinct resonance frequencies at 0.46 THz, 0.9 THz,
1.31 THz, and 1.44 THz each accompanied by bandwidths of 0.005 THz, 0.17
THz, and 0.34 THz, respectively. Moreover, the antenna delivers notable gains
of 8.52 dB, 11.54 dB, and 13.25 dB at these frequencies, coupled with substan-
tial efficiencies of 88.32%, 92.02%, and 89.89%, respectively. Additionally, the
antenna showcases exceptional isolation of 26 dB, a low envelope correlation
coefficient (ECC) of 0.003, and a diversity gain (DG) of 9.98. These remarkable
attributes underscore the antenna’s aptness for high-performance THz applica-
tions, offering substantial advantages in terms of gain, efficiency, and isolation
for next-generation wireless communication systems.
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1. INTRODUCTION
The rapid progress of wireless communication technologies has spurred the exploration of higher

frequency bands, particularly in the terahertz (THz) range, which spans from 0.1 THz to 10 THz [1]. This
frequency band is highly promising for enabling high-capacity data transmission and ultra-fast wireless com-
munication systems, positioning it as a key focus for the development of next-generation communication net-
works [2]. The THz spectrum is distinguished by its ability to offer expansive bandwidths and high data rates,
which are essential for a wide range of applications such as high-resolution imaging, advanced spectroscopy,
and secure communications, paving the way for significant advancements in technology and communication
capabilities [3].

The integration of multiple-input multiple-output (MIMO) technology into THz communication sys-
tems represents a pivotal advancement in wireless communications [4]. MIMO systems leverage multiple
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antennas at both the transmitter and receiver to enhance channel capacity, improve data rates, and ensure robust
signal quality, making them indispensable for high-frequency applications like those in the THz spectrum. The
unique challenges of the THz range, including high path losses and susceptibility to atmospheric absorption,
can be effectively mitigated by MIMO antennas through spatial diversity and beamforming techniques [5]. In
the sub-6 THz range, MIMO antennas enable efficient utilization of the available bandwidth while ensuring reli-
able communication over short to medium distances, as required by many IoT and 6G applications. Moreover,
the ability of MIMO systems to minimize mutual coupling and interference between antenna elements fur-
ther enhances their suitability for high-density networks [6]. Designing MIMO antennas for THz frequencies,
however, demands careful consideration of isolation, gain, efficiency, and compactness to meet the stringent
requirements of next-generation communication systems. By incorporating advanced materials and innovative
structural designs, MIMO antennas in the THz spectrum can overcome these challenges, offering exceptional
performance in terms of bandwidth, signal strength, and diversity gain, thus unlocking new possibilities for
ultrafast and high-capacity wireless networks [7].

The designed antenna exhibits three distinct resonance frequencies at 0.46 THz, 0.9 THz, and 1.31
THz, with corresponding bandwidths of 0.005 THz, 0.17 THz, and 0.34 THz, respectively. These features
mark a significant improvement over the bandwidths reported in Table 1, where references [1]-[4], [6] exhibit
bandwidths of 0.3 THz, 0.6 THz, and 0.4 THz. The superior bandwidth, particularly at higher frequencies,
allows for more efficient data transmission and greater channel capacity, making this antenna highly suitable
for high-speed communication systems. Additionally, the antenna achieves notable gains of 8.52 dB, 11.54 dB,
and 13.25 dB at the respective resonance frequencies, significantly surpassing the gains reported in Table 1,
which range from 4-10 dB. The high gain values indicate stronger signal reception and transmission capabili-
ties, enhancing the overall performance of the communication system. Furthermore, the antenna demonstrates
efficiencies of 88.32%, 92.02%, and 89.89% across the three frequencies, ensuring minimal energy loss and
maximal signal strength.

The antenna also excels in isolation, with an impressive value of 26 dB, indicating excellent separation
between the antenna elements. This high level of isolation reduces mutual coupling and interference, crucial
for maintaining the integrity of transmitted and received signals in MIMO systems. Moreover, the low envelope
correlation coefficient (ECC) of 0.003 and high diversity gain (DG) of 9.98 underscore the antenna’s suitability
for MIMO applications. The low ECC value indicates minimal signal correlation, leading to better signal diver-
sity and reduced fading effects, while the high DG ensures robust performance in multipath environments. In
conclusion, the combination of broad frequency range, high gain, exceptional efficiency, superior isolation, and
high diversity gain makes this antenna an outstanding candidate for high-performance wireless communication
systems, particularly in MIMO applications where superior signal quality, minimal interference, and efficient
energy use are paramount.

Table 1. Performance comparisons with the published state of the art

Reference BW (THz)
Antenna

size (µm2)
Isolation

(dB)
Gain
(dB)

Efficiency (%)
ECC

DG (dB)
Substrate
material

[8] 0.3 120× 90 -54 4.5− 10 NA
0.000023/

9.99
NA

[9] 0.6 130× 85 -55 7.23 NA
0.000168/

9.999
NA

[10] 0.11 NA -25 4.45 N/A
0.0372/
9.99

Silicon
dioxide

[11] 1 70× 35 -23 NA 98
0.004859/

9.99
Teflon

[12] NA
380×
380

-20 8.28 NA NA Pyrex

[13] 0.4 600× 300 -25 5.49 85.24 0.015/9.99 Polyimide

This
work

0.005,
0.17, 0.34

65× 180 -26
8.52,

11.54,
13.25

88.32,
92.02,
89.89

0.003/9.98 Polyimide

− Single-element antenna

Figure 1 shows the detailed architecture of the single-element antenna. Both the ground and radiator
or patch are made of copper. The patch has a length of 150 µm, a width of 200 µm, and a thickness of 0.5
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µm. The patch is etched on a Polyimide substrate having a dielectric constant of 3.5, a height of 30 µm, and
a total size of 270×280 µm2. The patch is fed by a 50 Ω microstrip line having a dimension of 110×25 µm2.
Two insets are created to match the impedance having a dimension of 30×5 µm2. To enhance the antenna
performance, some slots are created based on the surface current distribution of the antenna. Initially, a vertical
I-shaped slot is introduced on both sides of the patch, having a dimension of 100×10 µm2. Again, another
vertical I-shaped slot and two adjacent rectangular slots are etched on top of the patch, having a dimension of
15×70 µm2 and 30×15 µm2 respectively. Finally, based on surface current, a flower-shaped slot is created at
the center of the patch. This flower shape consists of a circle at the center and four circles surrounding it, each
having a radius of 15 µm.

pw

pl

sw

fl
fw iw

ilx1

x3

x2

r
y1

y3y2

sl

(i) Front (ii) Back

Figure 1. Schematic of the single element-antenna

Here, sw=280 µm; sl=270 µm; pw=200 µm; pl=150 µm; fw=25 µm; fl=110 µm; iw= 5 µm; il= 30 µm;
x1=10 µm; y1=100 µm; x2=70 µm; y2=15 µm; x3=15 µm; y3=30 µm; and r=15 µm.

− Multiple-input multiple-output antenna

To enhance the system’s reliability, a 1×2 MIMO antenna is proposed, depicted in Figure 2. One
antenna element is 180◦ rotated and placed upside-down position with another. The antenna elements are 140
µm apart from each other. The substrate dimension of the MIMO antenna is 600×280 µm2.

d

msl

Antenna 2Antenna 1

Figure 2. Schematic of the 1×2 MIMO antenna

Here, msl=600 µm and d=150 µm.

2. RESULT AND DISCUSSION
2.1. Single-element antenna

The reflection coefficient, denoted as S11, quantifies the amount of power reflected by the antenna
upon transmitting a signal. The statement denotes the effectiveness of achieving impedance matching between
the antenna and the transmission line [8]. The single-element microstrip patch antenna’s simulated reflection
coefficient (S11) showed three distinct resonance frequencies at 0.4624 THz, 0.912 THz, and 1.448 THz, shown
in Figure 3(a). The antenna showed negligible reflection at these frequencies, indicating effective impedance
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matching. The resonances have bandwidths of 0.04 THz, 0.16 THz, and 0.33 THz, covering frequency ranges of
0.44-0.48 THz, 0.81-0.97 THz, and 1.23-1.56 THz and return loss of -22 dB, -49 dB, and -47 dB, respectively.
The bandwidths refer to the frequency ranges where the reflection coefficient stays below -10 dB, indicating
efficient radiation and impedance matching. The antenna’s capacity to efficiently function across a wide variety
of THz frequencies is demonstrated by its many resonance frequencies and significant bandwidths [14]. This
makes it appropriate for various applications within the THz spectrum.

The single-element antenna demonstrates remarkable performance in terms of both gain and efficiency
across its three operating frequency ranges, as shown in Figure 3(b). The antenna attains a maximum gain of
8.9 dB, 11.81 dB, and 12.23 dB, respectively. The gain represents the antenna’s capacity to efficiently focus
radiated power, with higher gains indicating superior directional performance [15].

The antenna exhibits exceptional efficiency over its entire range of operational frequencies. The ef-
ficiency at the resonance frequencies is 86%, 92%, and 90%, respectively. The efficiency figures indicate the
proportion of power that the antenna effectively radiates relative to the power input, with minimum losses. This
suggests that the antenna effectively converts input power into radiated electromagnetic waves.

(a) (b)

Figure 3. Simulated; (a) reflection coefficient and (b) gain and efficiency of the single-element antenna

2.2. Multiple-input multiple-output antenna
2.2.1. Reflection coefficient, gain and efficiency of proposed multiple-input multiple-output antenna

Figure 4(a) shows the reflection and transmission coefficients of the MIMO antenna at different fre-
quencies. The figure shows four distinct resonance frequencies at 0.46 THz, 0.9 THz, 1.31 THz, and 1.44 THz
with return losses of -27.64 dB, -53.18 dB, -37.6 dB, and -39.68 dB at these specific resonance frequencies.
The bandwidths cover frequency ranges: 0.44-0.49 THz, 0.81-0.98 THz, and 1.25-1.59 THz, with bandwidths
of 0.05 THz, 0.17 THz, and 0.34 THz, respectively. The MIMO antenna demonstrates a minimum isolation
of -26 dB, as indicated by the transmission coefficient (S21). This high level of isolation indicates a lack of
correlation between the antenna elements, ensuring the efficient and autonomous functioning of the numerous
antenna elements in the MIMO system.

The MIMO antenna demonstrates significant performance in terms of gain and efficiency across its
operational frequencies, as shown in Figure 4(b). The maximum simulated gain levels are 8.52 dB, 11.54 dB,
and 13.25 dB. The MIMO antenna exhibits significant efficiency at its resonant frequencies. The maximum
efficiencies are 88.32%, 92.02%, and 89.89%.

2.2.2. Envelope correlation coefficient and diversity gain
Figure 5(a) shows the ECC and Figure 5(b) DG of the proposed MIMO antenna. The optimal value of

ECC for a statistically unaffected MIMO antenna is zero. However, it is recommended to set it below 0.5 for
practical purposes [16]. The antenna’s ECC is 0.003, indicating a shallow level of correlation between its two
antenna elements.

ECC =

∣∣∫
4π

[E1(θ, φ) ∗ E2(θ, φ)] dΩ
∣∣2∫

4π
|E1(θ, φ)|2 dΩ

∫
4π

|E2(θ, φ)|2 dΩ
(1)
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The MIMO antenna’s DG is quantified as 9.98. The high DG value signifies that the antenna system
offers substantial signal quality and reliability enhancements due to the diversity impact [17]. The DG, which
is close to its maximum value, illustrates the antenna’s capacity to retain high performance even in multipath
situations, where signal reflections can impact the quality of communication [18].

DG = 10
√
1− ECC2 (2)

(a) (b)

Figure 4. Simulated; (a) reflection coefficient, transmission coefficient and (b) gain and efficiency of the
proposed MIMO antenna

(a) (b)

Figure 5. Simulated; (a) ECC and (b) DG of the proposed antenna

2.2.3. Radiation pattern of the proposed multiple-input multiple-output antenna
Figure 6 displays a polar plot illustrating the far-field E-field radiation pattern of an antenna, which

is in operation at a frequency of 1 THz. The plot presents the magnitude of the electric field (in dBV/m)
with respect to the angle (in degrees), covering a range from 0 to 360 degrees [19]. The data is specifically
showcased for two planes, Phi=0 degrees and Phi=180 degrees [20]. The red line represents the broadband
far-field radiation pattern. The key performance parameters of the antenna are detailed, including a main lobe
magnitude of 12.8 dBV/m and a main lobe direction at 0.0 degrees. Furthermore, the plot indicates an angular
width of 45.3 degrees, signifying the beamwidth at which the power diminishes to half its peak value (3 dB).
Additionally, the side lobe level is highlighted at -5.9 dB, indicating secondary radiation lobes with lower
intensity in comparison to the main lobe. This polar plot is an indispensable tool for visualizing the antenna’s
directional radiation characteristics, providing insights into the distribution and strength of the emitted signal
across various angles.
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Figure 6. Radiation pattern of our proposed antenna

3. RLC EQUIVALENT CIRCUIT
An RLC equivalent circuit can represent an antenna and its impedance characteristics at different

resonance frequencies [21]. A simplified model of an antenna, known as an RLC equivalent circuit, employs
resistors (R), inductors (L), and capacitors (C) to replicate the impedance properties of the antenna across
various frequencies [22]. A four-resonance antenna can be represented by an RLC equivalent circuit, where
each resonance is defined by a unique combination of resistor (R), inductor (L), and capacitor (C) components
[23]. The components (R1, L1, C1), (R2, L2, C2), (R3, L3, C3), and (R4, L4, C4) represent the resonance
frequencies of the antenna, at which the impedance is solely resistive. The R, L, and C values for each resonance
frequency are determined by utilizing CST to match the antenna’s impedance data to the RLC model. The
analogous circuit is subsequently created and simulated using advanced design system (ADS) to validate the
antenna’s performance at the selected resonance frequencies [24]. The ADS simulation entails configuring a
frequency sweep and doing an S-parameter analysis to verify that the impedance characteristics align with the
anticipated resonance frequencies [25]. This process confirms the precision of the RLC model in accurately
portraying the antenna’s performance. Figure 7 shows the RLC equivalent circuit of our proposed MIMO
antenna.
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Figure 7. Design steps of single-element antenna.

4. CONCLUSION
The THz MIMO antenna’s design employs copper for both the patch and ground plane, while uti-

lizing a polyimide substrate. This design has been proven to be effective for operating within the 0.4 THz to
1.6 THz frequency range. The antenna exhibits resonant frequencies at 0.46 THz, 0.9 THz, and 1.31 THz,
with corresponding bandwidths of 0.005 THz, 0.17 THz, and 0.34 THz. Notably, it achieves gains of 8.52
dB, 11.54 dB, and 13.25 dB, with high-efficiency levels of 88.32%, 92.02%, and 89.89% at these frequencies.
Furthermore, the antenna demonstrates impressive isolation performance at 26 dB, coupled with a low ECC
of 0.003 and a high DG of 9.98, which emphasizes its efficacy in MIMO systems. These findings validate
the antenna’s potential for integration into advanced THz communication systems, providing support for en-
hanced data transmission and reception capabilities. Additionally, the use of copper and polyimide materials
ensures the antenna’s reliability and performance stability, making it a promising solution for future wireless
communication technologies.
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