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Abstract — In this paper, a compact 2x2 hexagon ring-shaped
MIMO antenna operating at the terahertz band is proposed for
future 6G wireless communication applications. The antenna is
designed using graphene, due to its unique high-speed trans-
mission capabilities. DGS and NL decoupling approaches are
applied to enhance isolation between the two radiating elements.
A parametric study is performed to investigate the significance
of using these methods. Performance in terms of different met-
rics is studied using the CST Microwave Studio simulator. The
final outcomes show that the proposed MIMO antenna achieves
23 dB of isolation, 0.004859 of ECC, 0.004 bits/sec/Hz of CCL,
and efficiency of 98%.
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1. Introduction

According to [1], [2], 6G will be the first wireless technology
to transmit data at terabits per second and is intended to be
launched in the future, between 2027 and 2030 [3]. For the
development of 6G communication technologies, terahertz
bands are advised to be used which are located between
microwave and infrared ranges, and their spectrum varies
from 0.1 to 10 THz [4]-[6].

It is critical to recognize that graphene, which works as
conducting material in antennas, has numerous advantages at
the THz band, such as high carrier mobility enabling very fast
transport of charges and resulting in enhanced performance of
the antenna. On the other hand, the main difference between
graphene and metal conductors lies in the level of losses at
the THz band. Graphene exhibits low losses at the terahertz
band which, in turn, improves antenna efficiency [3]-[4].

Furthermore, graphene may be deposited onto substrates us-
ing different techniques, such as chemical vapor deposition
(CVD), double self-assembly (DSA), and offers good ad-
hesion strength. These methods open the way to develop
lightweight, flexible, and efficient electronic devices [5].

Multiple-input multiple-output (MIMO) antennas are one of
the most significant developments in mobile communications
achieved in recent years. In this type technology, several
antennas are placed at fixed locations on the transmitter and
receiver, apart from one another [7]. The main benefit of using
a MIMO antenna consists in the provision of high data rates
and reduction of latency by transmitting data simultaneously
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over several channels. Therefore, it is essential to mention here
that MIMO technology at the THz band can be considered the
backbone of 6G communication systems [8]—[10]. In multi-
antenna technologies, the isolation between the radiating
elements is affected considerably by the separation between
them. Good isolation may be obtained by increasing the
distance between the elements. Low envelope correlation
coefficient (ECC) values, as well as high diversity gain (DG)
and channel capacity loss (CCL) values may be achieved
together with high isolation [4].

There are many papers aiming to improve MIMO performance
at the THz band. For example, the authors in [11] designed
a proximity-coupled graphene patch-based 2x2 MIMO an-
tenna. No decoupling method was mentioned in this design to
enhance performance. On the other hand, the authors of [12]
presented an elliptical-shaped microstrip feed super wide
band (SWB) 2x2 MIMO antenna for the terahertz band. In
this design, L-shaped decoupling was added to the ground
plane to improve performance.

In [13], the authors proposed a 4x4 MIMO antenna with
SWB at THz frequencies. The isolation between elements
was improved by applying three different fractal antenna
configurations. Furthermore, paper [4] suggested a graphene
MIMO patch antenna using E-shaped metamaterial unit cells
to reduce coupling by placing it between the patches. Article
[14] presented a 4x4 MIMO antenna for the THz band, where
the decoupling between the elements was achieved by placing
the elements at different orientations.

It can be clearly seen from these studies that there is a lack
of investigations concerning the effect of other decoupling
methods in MIMO antennas and of their impact on perfor-
mance parameters. Therefore, in this paper, a graphene-based
MIMO antenna operating at the THz band for 6G applications
is presented. The design consists of 2x2 monopole anten-
nas. To increase antenna performance and improve isolation
between the radiating elements, defected ground structure
(DGS) and neutralization line (NL) techniques are employed.

Performance characteristics of the single-element antenna and
MIMO antennas are investigated to determine applicability
for 6G applications. Finally, due to the difficulty of fabricating
the proposed design, CST Microwave Studio (CST), High-
Frequency Structure Simulator (HFSS), and Advanced Design
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Fig. 1. Overall graphene conductivity vs. frequency for different
chemical potential values.

System (ADS) software RF simulators are used to simulate
the proposed solution.

2. Antenna Design

Graphene is a 2D carbon film with its thickness being qual
to that of a single atomic layer [15]. In antenna applications,
two aspects of its surface conductivity may be considered:
intra-band, which covers the frequency range below 5 THz,
and inter-band, covering frequencies above 5 THz [13]. The
parameters of graphene in these two categories depend on
chemical potential, frequency of operation, temperature and
relaxation time, as shown by the following equations [6]:
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where T' represents temperature, h represents reduced
Planck’s constant, K 5 is Boltzmann constant, j. stands for
chemical potential in eV, e is electron charge, T represents the
relaxation time and its value is 0.1 ps at room temperature,
and, finally, w is the frequency of operation.

Ointer =

The total intra-band and inter-band surface conductivity may
be calculated as:

Os = Ointer + Tintra - 3
The overall conductivity of the graphene layer is shown in
Fig. 1 with different chemical potentials. It is clearly seen that
changing the chemical potential has a high impact on overall
surface conductivity. On the other side, the chemical potential
affects the carrier density by applying an external gate voltage
[6]. This property can be very helpful in controlling the
resonant frequency in antenna design processes.

3. Simulation Results

3.1. Single Antenna Design

The proposed shape with one radiating element is shown
in Fig. 2. It consists of a hexagon ring that uses teflon with
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a dielectric constant €,. of 2.1 and thickness h of 10 um. The
hexagon ring is printed above the dielectric surface while the
ground plane is located underneath it. The overall dimensions
of the presented element are 53x35x10 um?. Graphene is used
as a conducting material due to its unique features, such as
reducing antenna losses and high-speed conductivity within
the THz band. The thickness of graphene is set at 35 nm.
The antenna is also fed by a microstrip line with a size of
15.13x3.60 um?.

The final dimensions of the proposed structure are listed
in Tab. 1. The simulation target is determined to design
an antenna that covers the terahertz band with a resonant
frequency of approximately 3 THz. The design is simulated
with different values of the applied chemical potential (from
0 to 2 eV) to achieve the resonant frequency. The simulated
reflection coefficient is illustrated in Fig. 3. It can be clearly
noted that the operating frequency is affected by changing
the chemical potential and varies from 2.62 to 3.67 THz with
S11 < —10 dB by applying . = 2 eV.

After that, the equivalent circuit of the proposed antenna is
simulated by the ADS software to enhance the results obtained
from CST and HFSS, as shown in Fig. 4. A comparison
between the simulated Sq; obtained from the three different
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Fig. 2. Details of the hexagon ring antenna design.

Tab. 1. Dimensions of one radiating element in [um].

Parameter Ly Lo Lj Ly
Value 8.50 12.02 24.04 16.83
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Fig. 3. Simulated result of S1; for a single hexagon ring antenna for
different chemical potential values.
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Fig. 4. Equivalent circuit model for the proposed single antenna.
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Fig. 5. Simulated Si; for the single element antenna with CST,
HFSS, and ADS equivalent circuit.
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Fig. 6. Dimensions of the proposed 2x2 MIMO antenna.

simulators is illustrated in Fig. 5. As one may notice, the figure
shows a perfect agreement between the obtained results.

3.2. Two-Element MIMO Antenna Design

In this part, a 2x2 MIMO hexagon ring antenna is designed
as a single structure, as shown in Fig. 6. The distance between
the two antenna elements is 30 um and the dimensions of the
ground plane equal 70x14.70x0.035 um?. The total size of
the presented antenna is 53x70x10 pm?.

The equivalent circuit of the proposed two-element MIMO
antenna from the ADS simulator is presented in Fig. 7. Figure
8 shows the simulated S1; of the 2x2 MIMO antenna from
the three different simulation software instances. It is clear
from CST results that the antenna works from 2.47 to 3.44
THz, with a resonant frequency of 2.8 THz. It has been also
observed that the resonant frequency has been shifted to
a lower value compared to the single antenna case. This stems
from mutual coupling between the two radiating elements.

The simulated transmission coefficient So; is shown in Fig.
8. This plot proves that mutual coupling So; between the two
radiating elements is less than —15 dB for the 2.02 to 2.5 THz
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Fig. 7. Equivalent circuit model of the proposed 2x2 MIMO config-
uration.
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Fig. 8. S parameter values for a 2x2 MIMO antenna simulated with
CST, HESS, and ADS software.
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Fig. 9. Proposed geometry of a 2x2 MIMO hexagon ring antenna
with DGS.

range. As the frequency ranges for S;; and Sy are not the
same, mutual coupling should be reduced below —15 dB for
the entire operating range. Finally, a good agreement between
the results of CST, HFSS and ADS is achieved.

3.3. MIMO Antenna with DGS Decoupling Approach

Defected ground structure (DGS) is an etched-out area on
the ground plane of a microstrip PCB. It is a beneficial
method that is used to improve the gain and the bandwidth
of printed antennas. It can be also used to reduce coupling
between radiating elements in multi-antenna technologies,
due to its unique feature of inserting virtual inductances
and capacitances into the structure of the MIMO antenna.
Hence, it may act as a stop band filter. A defective area on
the ground plane is represented by a triangular shape in the
middle between the two elements, as shown in Fig. 9.

The effects of height hp and base bp of the defective area
are studied to achieve the lowest results in terms of mutual
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Fig. 10. Simulated S1; and S2; for a 2x2 MIMO hexagon ring
antenna with DGS: hp = 14 ym and variable bp.
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Fig. 12. A 2x2 MIMO hexagon ring antenna with three DGS.
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Fig. 13. Simulated results of S11 and S21 for a 2x2 MIMO hexagon
ring antenna with one and three DGSs.

Fig. 11. Simulation of S11 and S2; for a 2x2 MIMO hexagon ring
antenna with DGS: bp = 26 pum and variable hp.

coupling. The analysis starts by setting height hp to the
maximum value of 14 um and changing the length of base
bp. The initial value of bp is fixed at 18 pm and then different
lengths of b are tested.

Figure 10 illustrates the reflection and transmission coeffi-
cients obtained for different values of bp. One may notice that
the frequency band of the reflection coefficient S1; is slightly
affected by changing the length of bp and the magnitude of
S1; is reduced significantly by increasing bp. The best value
is obtained at bp = 26 um with |S;;| equaling —-67 dB.

On the other hand, isolation is improved by increasing the
length of bp and the antenna achieved an isolation value of
more than 15 dB for the entire frequency band. Another study
concerning the parameters of the defected area consists in
assuming a constant value of the base (bp = 26 um) and
changing height hp. Three different i values are tested and
the outcomes of the simulated reflection and transmission
coefficients are presented in Fig. 11.

The same dependence as described in the first parametric
study is noticed in this case as well, i.e. an increase in hp
leads to a reduction in the magnitude of S1; and in enhancing
the isolation between the two antennas. From this simulation,
we can conclude that the optimum dimensions for the defected
area equal hp = 14 and bp = 26 um.

3.4. MIMO Antenna with Three DGSs

This section investigated the use of the DGS technique in
a MIMO antenna, in three different regions. The first cut has
a triangular shape and is located in the middle between the

26
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Fig. 14. A 2x2 MIMO hexagon ring antenna with NL.

two radiating elements with dimensions bp = 26 um and
hp = 14 um. The second and third DGSs have the shape of
a half triangle, as shown in Fig. 12.

The comparison between the simulated results of S11 and So
and the three DGSs are shown in Fig. 13. By applying the
three DGSs, the resonant frequency of the reflected coefficient
is shifted to the upper band and the achieved bandwidth is
widened slightly. The mutual coupling band is also shifted
to the upper band and the antenna achieves a lower mutual
coupling value within the operating frequency band, i.e. 22 dB
at the resonant frequency, compared to —17 dB for a solution
with one DGS.

3.5. MIMO Antenna Design Based on NL Decoupling
Approach

Coupling in MIMO antennas may be reduced by adding
a neutralization line between the radiating elements. In this
technique, the current in one position is neutralized by using
a sample with an inverted phase, so it can cancel the current
from the other radiating element.
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Fig. 15. Simulated outcomes of Si11 and S2; for a 2x2 MIMO
hexagon ring antenna with NL.
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Fig. 16. A 2x2 MIMO hexagon ring antenna with NL and with DGS.

The technique is incorporated by using NL in the form of
a triangle with a total length of 22 um, as shown in Fig. 14.
During simulation, the length of NL was varied to achieve
the optimum (lowest) coupling value. S1; and So; results
are illustrated in Fig. 15. It may be noted that two different
phenomena appeared by adding NL. The first one consists
in the fact that the resonant frequency is shifted toward the
upper frequency band, while the other is that a decrease in the
length of NL leads to shifting the resonant frequency towards
the lower frequency band. Coupling between the elements is
reduced with a longer neutralization line. Isolation of more
than 15 dB is obtained around the resonant frequency with
NL of 22 pm.

To further analyze the obtained results, the dependence be-
tween the length of NL and the wavelength inside the substrate
Ag is simulated by determining the ratio between these val-
ues. The following equations are used to calculate \; inside
the substrate:

er+1
e = ) 4
Eeff 2 ()
Ao
== ®)

where A, represents wavelength in free space, Ay is wave-
length inside the substrate, €. sy stands for effective permit-
tivity and €, represents relative permittivity.

The obtained NL-to-\4 ratio is 98% at 2.8 THz, at the resonant
frequency without using any decoupling methods. This ratio
proves high correlation and shows that NL is working properly.
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Fig. 17. Simulated results of S11 and Sa1 for a 2x2 MIMO hexagon
ring antenna with NL for three different cases.

3.6. MIMO Antenna with DGSs and NL Decoupling
Methods

Finally, the proposed design of a 2x2 MIMO hexagon ring
antenna was tested by combining the NL decoupling method
with DGS, as shown in Fig. 16. The simulated values of
reflection coefficient S;1 and transmission coefficient So; are
compared, as shown in Fig. 17.

The resonant frequency is 3 THz in all simulations and the
magnitude is significantly reduced, reaching —45 dB for the
scenario with NL and three DGSs. Coupling is also reduced
at the resonant frequency and reaches —23 dB at 3 THz.

4. Performance Evaluation

To assess the performance of the proposed design, a range
of parameters, such as channel capacity loss (CCL), total
active reflection coefficient (TARC), diversity gain (DG) and
envelope correlation coefficient (ECC) is determined. ECC-
related results for all six cases are presented in Fig. 18a—in all
of the scenarios ECC is below 0.1 at the resonant frequency.

DG values (Fig. 18b) simulated for all the cases equal ap-
proximately 10 dB at the resonant frequency, while CCL (Fig.
18c) is approximately zero at the resonant frequency which
is below 0.4 bit/s/Hz, i.e. reaches the limit for a MIMO an-
tenna. Finally, TARC is determined (Fig. 18d) for different
phase angles at 30° steps, covering the range from 0 to 180°.
TARC is below 6 dB at the resonant frequency and in drops,
in some cases, below 10 dB.

Simulations of the proposed antenna’s total efficiency for all
three cases are summarized in Fig. 19a. The highest efficiency
of 98% is achieved in the case of NL and DGSs, compared
with all other cases at the operating frequency of 3 THz.

The realized gain (Fig. 19b) at the resonant frequency is
approximatley 2 dB for all the cases. Finally, far field radiation
patterns are plotted in 3D for the case of NL and DGSs in
Fig. 20, showing the antenna’s omnidirectional pattern.

Table 2 summarizes the parameters of similar antennas from
the literature and compares them with the proposed design.
It is clear from this comparison that the proposed design is
characterized by the smallest physical size. This can be very
helpful in increasing the number of radiating elements when
adopting massive MIMO.

27



Noor S. Asaad, Adham M. Saleh, and Mahmod A. Alzubaidy

1.0
a) Three DGSs
osll| ~
0.6
8 .~ NL and three DGSs
Bo04
No decoupling
0.2
0 —_—
1.0 15 20 25 30 3.5 4.0 45 50
Frequency [THz]
c) 15
NL and three DGSs
ﬁ 10 No decoupling
i
g :
3 Three DGSs
0 =
1.0 15 20 25 30 3.5 4.0 45 5.0
Frequency [THz]

DG

b) 10
8
6 - NL and three DGSs
4 \
Three DGSs
2 \
No decoupling
.0

25 3.0 35 40 45 50
Frequency [THz]

»—O

d)

TARC [dB]

-5 —4 -3 -2 -1
Frequency [THz]

Fig. 18. Simulations of: a) ECC, b) DG, c¢) CCL, and d) TARC of the proposed antenna.
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On the other hand, the antenna achieves high efficiency com-
pared with other works. Furthermore, the coupling of the
design is below —15 dB for the entire band and —23 dB at the
resonant frequency. This means that only 0.5% of the applied
power will be coupled to the adjusting antenna at the resonant
frequency.

This comparison reveals that this MIMO antenna offers
promising performance in the terahertz band.

28

Fig. 20. Simulated 3D radiation pattern for the case with NL and
DGSs.

5. Conclusion

This paper presents a two-element compact MIMO antenna
utilizing graphene, intended for operating in the THz band
for use in upcoming 6G applications. Mutual coupling inside
the antenna structure has been minimized by applying two
different decoupling approaches. It has been noticed the best
isolation value is achieved when the two design approaches
are combined together. The value obtained for the combined
decoupling approach is —23 dB at the resonant frequency of
2.8 THz. The fundamental characteristics of the proposed
MIMO antenna have been studied in terms of ECC, DG,
TARC, CCL, antenna gain, efficiency, and antenna radiation
pattern. The outcomes show that the antenna may serve as
a good candidate for deployment in future 6G applications.
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Tab. 2. Comparison with other works.
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Ref 1}: :sogsrclt Antenna Mutual CCL Antenna DG ECC
) [9;;12] y size [pmz] coupling [dB] [bits/sec/Hz] efficiency [dB]
[4] 1.9 120x90 —54 0.0014 — 9.99 0.000023
[11] 1.82 60x40 -25 - 80% 9.95 -
[12] 0.33-10 10001400 -25 0.25 70% 9.99 0.0015
[13] 1.42 125x125 =20 0.31 - 9.98 0.0022
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