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Abstract: This article is aimed at designing an inventive compact-size quad-port antenna that can
be operated within terahertz (THz) frequency spectra for a 6G high-speed wireless communication
link. The single-element antenna comprises a lotus-petal-like radiating patch and a defected ground
structure (DGS) on a 20 x 20 x 2 pm? polyamide substrate and is designed to operate within the
8.96-13.5 THz frequency range. The THz antenna is deployed for a two-port MIMO configuration
having a size of 46 x 20 x 2 um? with interelement separation of less than a quarter-wavelength
of 0.18\ (A at 9 THz). The two-port configuration operates in the 9-13.25 THz frequency range,
with better than —25 dB isolation. Further, the two-port THz antenna is mirrored vertically with a
separation of 0.5A to form the four-port MIMO configuration. The proposed four-port THz antenna
has dimensions of 46 x 46 x 2 um® and operates in the frequency range of 9-13 THz. Isolation
improvement better than —25 dB is realized by incorporating parasitic elements onto the ground plane.
Performance analysis of the proposed antenna in terms of MIMO diversity parameters, viz., envelope
correlation coefficient (ECC) < 0.05, diversity gain (DG) ~ 10, mean effective gain (MEG) < —3 dB,
total active reflection coefficient (TARC) < —10 dB, channel capacity loss (CCL) < 0.3 bps/Hz, and
multiplexing efficiency (ME) < 0 dB, is performed to justify the appropriateness of the proposed
antenna for MIMO applications. The antenna has virtuous radiation properties with good gain, which
is crucial for any wireless communication system, especially for the THz communication network.

Keywords: nature-inspired lotus; terahertz (THz); Multiple-Input Multiple-Output (MIMO); DGS

1. Introduction

Multiple-Input Multiple-Output (MIMO) wireless communication supplements the
contemporary coign of vantage for next-generation THz technology [1]. While 5G has
a downlink speed of 20 Gbps, its uplink speed is only 10 Gbps [2,3]. Addressing the
limitations offered by 5G [4], 6G technology is an efficient hope for the future and is pro-
posed to offer greater connectivity [5], viz., interconnection of everything (IoE), intelligent
automation, and supporting data rates up to several terabits per second with extremely
low latency and high reliability. To achieve this, it is essentially necessary to make use of
the high potential offered by the THz bands. With the recent success in mm-wave commu-
nications, it is quite instinctual to explore the 300 GHz—30 THz band spectrum. Formerly,
the THz spectrum was confined to imaging and sensing applications, but lately, due to
advancements in THz devices and the salient features of this spectrum, it is expected to
play a crucial role in wireless communications in the upcoming future [6]. Antennas are an
integral part of any wireless communication system. In general, antennas can be designed
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for various applications covering a broad range of frequencies. However, there are key
design considerations, like high gain and radiation characteristics, that play a crucial role
in altering the performance of antennas operating within the terahertz range. The highly
directive nature of THz waves makes them best suited for high-speed wireless links over
short distances [7]. THz-range and MIMO technologies have greater significance for indoor
and outdoor communication environments. Nevertheless, there are a few serious limita-
tions and challenges, viz., the fabrication of THz antennas and measurement techniques [8].
Also, highly effective transceivers with higher antenna gain are required to handle the
greater path loss experienced by high-frequency THz signals [9].

Within rich multipath environments in urban areas, MIMO significantly increases
spectral efficiency and achieves diversity. MIMO antennas provide an enhanced signal-to-
noise ratio and an insignificant error rate. They also offer high data throughput without
added bandwidth or extra transmission power. The MIMO antenna achieves high channel
capacity when elements are provided with wide spacing. Wide spacing becomes impossible
when the technology demands miniaturization. Further, the close proximity of the ports
due to the miniaturization of the antenna exhibits mutual coupling [10] that generates
potentials between the antenna elements, which greatly affects the overall performance
of the antenna. In such cases, isolation can be achieved using cross-slots or by imple-
menting absorbing materials, which averts the deformation of the radiation pattern and
thus enhances the output gain. In the literature, various techniques have been devised to
provide such isolation, also known as isolation techniques [11]. These include defected
ground structures (DGSs) [12-15], parasitic elements [16—-18], neutralization lines [19-21],
metamaterial structures [22-25], and fractal geometries [26-30].

The design proposed in [31] has dimensions of 110 x 65 x 10 um3 with an impedance
bandwidth of 3.1-60 THz but with an unstable radiation pattern and gain. In [32], the
authors proposed a graphene-based antenna with a 0.8-10 THz bandwidth range but at the
cost of larger antenna dimensions of 600 x 3 00 x 45 um?®. A multiband antenna for sub-
THz application on RT/duroid 5880 substrate with dimensions of 150 x 200 x 80 pm? was
demonstrated in [33]. In [34], a planar super-wideband MIMO antenna with dimensions of
110 pm x 40 pm consisting of two co-planar wave guides operating within 0.8-10 THz, us-
ing fractal geometries, was presented. In [35], a graphene-based 2 x 2 MIMO antenna with
an octagonal short-angular circular patch on a cross-sectional area of 1232 x 1232 um? op-
erating over 0.259-0.324 THz was proposed. Ref. [36] presented an ultra-wide 2 x 2 MIMO
antenna using a rectangular-shaped radiator of size 133 x 255 um? for operation at 5.5 to
more than 10 THz. The proposal in [37] was based on a nature-inspired palmate-leaf-shaped
ultra-wide four-port MIMO antenna operating in the frequency range 2.38-11.18 THz on a
45 x 45 x 2 um?® polyamide substrate.

This research article proposes a quad-port nature-inspired lotus-shaped THz antenna
with dimensions of 46 x 46 um? using copper as the conducting material. It is realized on
a polyamide substrate with a thickness of 2 um and exhibiting an operational frequency
range of 9-13 THz. The port-to-port isolation is enhanced by embedding slots onto the
ground plane to form DGS and act as a decoupling structure. This modification to the
ground plane suppresses the mutual coupling and helps in realizing isolation better than
—25 dB across the operational frequency. Additionally, the proposed antenna is evaluated
for its diversity characteristics. The proposed THz MIMO provides better impedance
bandwidth while keeping the substrate dimensions relatively low, with an approximately
omnidirectional radiation pattern and good gain throughout the bandwidth. The merit of
the proposed antenna as compared to its similar counterparts is illustrated in Table 1.
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Table 1. Comparison of the proposed terahertz antenna with its counterparts.

. . Antenna Size Frequency Radiation . .
Ref Design Technique (um?) Range (TH2) Pattern (dB) Peak Gain (dB)  Complexity
[38] Modified cross-slot 110 x 110 2.7-4.46 Omnidirectional 8.5 Moderate
[39] A/4-length path 600 x 300 187-210 Omnidirectional 4 Simple
[40] Silicon slab 150 x 200 x 80 3.96-4.1 Directional 6 Complex
[41] Y-shaped graphene 60 x 110 0.42-0.48 Omnidirectional 0.12 Complex
[42] Graphene patch 200 x 200 0.65-0.70 Omnidirectional 4.38 Complex
[43] Graphene coating 133 x 255 7.76-12.51 Omnidirectional 8.15 Complex
[44] Metalloading on the wall of 48 x 44 4.27-4.86 Bidirectional 6.5 Complex
a dielectric resonator
[45] Fabry—Pérot cavity 206 x 206 281-305 Omnidirectional 7.5 Complex
Photonic-band-gap-based

[46] unit cells loaded with 700 x 660 0.61-0.64 Bidirectional 8.96 Complex

circular-shaped

metallic insertion
prop,  Lotus-shaped radiator 46 % 46 x 2 8.96-13.5 Bidirectional 8.96 Simple

with DGS

2. Quad-Port THz Antenna Design Methodology

Figure 1 depicts the overall evolutionary stages of the proposed antenna. In the
first place, an elliptical monopole antenna is fed with a 50 () feedline of dimensions
5.36 x 1.5 um? constituting an elliptical patch with major and minor radii of 4.5 um and
1 um, respectively, on a 20 x 20 x 2um? polyamide substrate. The first stage sees the S11
curve drop below —5 dB, forming the basis for proceeding to the next stage. In the second
stage, two identical elliptical patches are placed in a petal-like configuration. This stage
witnesses the S11 curve drop twice below —5 dB. In the third stage, identical elliptical
patches are similarly added on both sides, making the S11 curve drop below —15 dB.
Proceeding onward, in this fashion, further elliptical patches are added on either side, as
shown in stage 4. The S11 curve of stage 4 has a wide band, but it lies above —10 dB;
to bring the drop below —10 dB, some rectangular patches are cut out from the ground
plane, which can be seen in stage 5. The S11 curve finally drops below —10 dB with the
rectangular patches cut out in a nearly “U-shaped’ configuration. But at this stage, the S11
curve can be seen to be at —10 dB at some intermediate frequency, so to bring it completely
below —10 dB, i.e., to increase the bandwidth, stage 5 is further optimized to meet this
requirement. Finally, the proposed antenna has a bandwidth of 8.96-13.5 THz with a
uniform gain. The dimensions of the proposed antenna are presented in Figure 2. The
scattering parameters of the individual stages of the antenna from stage 1 to stage 6 are
depicted in Figure 3.

The designed THz antenna evolved based on a nature-inspired palmate leaf design.
At the very first stage, a microstrip feedline was connected to the ellipse having a major
radius (R1) of 4.5 pm with the full ground plane. The first stage was modified sequentially
by incorporating more number ellipses onto the radiator by tilting () each ellipse by
20 degrees. As seen in stage 4 of Figure 1, seven ellipses were merged to form a palmate
leaf. The increase in the radiator’s circumference helps to move the impedance bandwidth
toward the lower-frequency side, as the circumference is inversely proportional to the
frequency. Further, the ground plane was modified by inserting a U-shaped slot to realize
the desired wider impedance bandwidth, as depicted in stages 5-6 of Figure 1. The U-
shaped slot in the ground plane changes the uniform current distribution by creating
open- and closed-loop local current paths. The change in current on the ground plane
influences the lumped components of the transmission line and decreases the quality factor.
Modifying the radiator and ground plane helps realize a wider impedance bandwidth
within the 8.96-13.5 THz frequency range.
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Figure 2. Proposed THz antenna (a) radiator evolution, (b) radiator plane, and (c) ground plane.
Dimensions (in um): R1 = 4.5, 6 = 20 degrees, S1 = 20, S2 = 20, S3 = 5.36, 54 = 1.5, S5 = 16, S6 = 15,
S7=7,58=3,59=2.
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Figure 3. Reflection coefficients for the evolutionary stages of the proposed THz antenna.
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Optimization was performed at stage 5 for the parameters S6 and S8 on the ground
plane. The reflection coefficient graphs for each of the parameters are shown in Figure 4a,b.
The parameter values were varied, while other dimensions on the ground plane were kept
constant. The best S11 curve was finalized before optimizing the next parameter. In this
way, the most optimal result was achieved, which can be seen in Figure 3. S6 was varied
from 11 pm to 15 um with a step size of 2 um. The first two values of S6 showed a poor
reflection coefficient, particularly in the frequency range of 10 to 12 THz. Therefore, an
optimal S6 value of 15 pm was chosen. The width of the slot on the ground plane S8
significantly impacts the antenna’s operational frequency. The parameter S8 was varied
from 2 pm to 4 pm with a step size of 1 um. S8 values of 2 um and 4 pm altered the
corresponding impedance matching at 12-13 THz and 11-12 THz. Therefore, an S8 value
of 3 um was selected to realize a wider impedance bandwidth of 8.96-13.5 THz.

a0 A .
(3] o [3,] o
1 1 1

-20 -

-25 -

Reflection Coefficient (dB)

A L &
o [3,] o
1 1 1

10 11 12 13 14 15
Frequency (THz)

o
©

(@)

Reflection Coefficient (dB)

8 9 10 11 12 13 14 15
Frequency (THz)

(b)

Figure 4. Reflection coefficient graphs for optimization performed for parameters (a) S6 and (b) S8
on the ground plane of the proposed antenna (dimensions in pm).

The lotus-shaped THz antenna was replicated horizontally into a two-element MIMO
antenna with an interelement distance of less than A /4, specifically, 0.18A (6 um). To keep
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the spacing between the two antenna elements at less than 6 um, the spacing was ini-
tially taken to be 2 um, and then a comprehensive parametric analysis was carried out.
The interelement spacing was finalized at 6 um. The overall dimensions of the proposed
two-port THz antenna are shown in Figure 5a. The ground plane of both antenna ele-
ments was connected using a 6 x 2 um? rectangular strip, as shown in Figure 5b. The
corresponding S11/522 curve and 512/521 curve were found to give satisfactory results,
as can be seen in Figure 6a,b. The designed THz MIMO antenna has an impedance band-
width of 8.96-13.3 THz. The isolation among the elements of the MIMO antenna is better
than —29 dB throughout the antenna’s operating frequency. This improved isolation was
achieved by adding parasitic elements as ground plane defects, as illustrated in Figure 5b.

P2
P4

psf—

@) (b)

Figure 5. Two-element MIMO configuration: (a) radiator plane; (b) ground plane. Dimensions (in um):
P1=20,P2=46,P3=6,P4=6,P5=2.
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Figure 6. S-parameters of the two-port antenna: (a) reflection and (b) transmission coefficient curves.
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The reflection and transmission coefficient curves for the finalized two-element MIMO
are shown in Figure 6.

The two-element THz MIMO antenna was mirrored vertically, with a vertical spacing
of 17 um, to give the four-element MIMO configuration. The proposed four-port MIMO
configuration and its dimensions are shown in Figure 7a,b. Similar to the two-element
MIMO, the four-element MIMO should have a common ground plane. Figure 8 shows the
elementary stages of connecting the ground planes of the individual elements. At each
stage, the reflection coefficient and the transmission coefficient curves were analyzed.

M2

£

M3
M1l Iva -|= I

T1%T1

(a) (b)

Figure 7. Four-element MIMO configuration: (a) radiator plane; (b) ground plane. Dimensions (in
pum): M1 =46, M2 =46, M3=6, M4 =17, M5=19, M6 =7, M7 =1, M8 = 3.5, M9 = 3, M10 = 5, M11 = 4.

Stage 1 Stage 2 Stage 3

Stage 4

Figure 8. Evolutionary stages of the defective ground plane for the proposed four-element
MIMO configuration.

The ground plane was modified at each stage to have a higher impedance bandwidth
and improved isolation. The defective ground plane is composed of vertical and horizontal
slots. These slots disrupt the uniform current flow in the ground plane, lowering the total
coupling by generating a negative coupling field. The reflection and transmission coefficient
curves for all the stages are shown in Figure 9a,b. In stage 1, two vertical rectangular strips
connect the common ground planes of each of the two-element configurations situated
on the upper and lower sides. The S11 characteristics plot for stage 1 has an impedance
bandwidth of 2 THz and port isolation of more than —25 dB. In stage 2, an additional
vertical rectangular strip was connected on the right side, and a horizontal rectangular
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strip was inserted between the upper edges. The sl1 plot of stage 2 has a bandwidth
slightly greater than 2 THz and similar isolation to that of stage 1. Stage 3 added a vertical
rectangular strip on the left side. In stage 4, a horizontal rectangular strip was inserted in
the center of the DGS. In stage 5, a small square strip was removed from the middle portion,
the lower side of DGS was reduced while the upper side was enlarged, and three smaller
square slots were inserted. The final stage of the proposed DGS has a rectangular slot rather
than a square slot in the center. The dimensions associated with the final defected ground
structure are shown in Figure 7b.

0
— Stage 1
Stage 2
o Stage 3
T -5 Stage 4
c = Stage 5
2
i
%
o-104
3]
c
2
—
3
: -1 5 -
)
(14
—20 T T T T T T
8 9 10 1 12 13 14 15
Frequency (THz)
(a)
0

— Stage 1
= Stage 2
— Stage 3
Stage 4
Stage 5

-60 - === =prop.

Transmission coefficient (dB)
1
w
o

L] Ll L] L L] L]

8 9 10 1" 12 13 14 15
Frequency (THz)
(b)
Figure 9. S-parameters of the evolutionary stages of the DGS: (a) reflection and (b) transmission

coefficients.

The rectangular slots made on the proposed ground plane enhanced the bandwidth
from 2 THz to 4 THz in the 9-13 THz frequency range while simultaneously exhibiting port
isolation of more than —25 dB. The surface current distributions for resonant frequencies of
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9.5 THz, 10.6 THz, and 12.6 THz are shown in Figure 10a—c, respectively. This process was
achieved by exciting one of the ports while terminating the other ports. The main focus was
to reduce the effects of mutual coupling using the defected ground structure. The current
distribution was seen on the excited antenna element and defected ground structure, thus
improving isolation.

Isurf[A_per_m]

. BEEE e +88 Y
8574 e+E8Y
L 7149e+E8Y
L 5723e+E88Y4
4297 e+aEY
287 1e+88Y4
144 Ge+aEY
BE28e+08Y
L5O4Ze+EE3
L 1655e+@83
L F427e+E83
. 3178e+883
. 8915e+883
L 4ESSe+E83
,9519e+281

R I R - e e e

Figure 10. Current distribution for resonant frequencies of (a) 9.5 THz, (b) 10.6 THz, and (c) 12.6 THz.

3. Results

The antenna performance analysis for the THz frequency spectrum was conducted
using Ansys HFSS and CST software. The scattering parameters are described using
reflection and transmission coefficient plots. The antenna radiation characteristics were
studied by constructing radiation plots at resonant frequencies. Finally, the diversity
performance was analyzed by examining the envelope correlation coefficient, diversity
gain, mean effective gain, total active reflection coefficient, channel capacity loss, and
multiplexing efficiency plots. All these performance parameters were analyzed to validate
the proposed antenna’s performance in real-time systems. A comparison of the proposed
antenna with various other antennas available in the literature was carried out to validate
the efficacy of the proposed design.
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3.1. Scattering Parameters

The scattering parameters constitute the reflection and transmission coefficient curves.
The reflection coefficient curve describes the ratio of the wave reflected due to the impedance
mismatch of the medium to the incident wave in the medium. A reflection coefficient of
more than —10 dB is desired for optimal performance. The transmission coefficient curve
describes the ratio of transmitted waves upon encountering discontinuity in the medium,
mostly due to the presence of elements adjacent to the incident wave. The transmission
coefficient should ideally be more than —15 dB. The proposed MIMO antenna configuration
was found to have a frequency ranging from 9 THz to 13 THz with a reflection coefficient
below —10 dB, constituting the bandwidth and having resonant frequencies at 9.5, 10.6,
and 12.6 THz. The transmission coefficient curve in this frequency range is below —25 dB.
The reflection and transmission coefficient curves for the proposed four-element MIMO
configuration are shown in Figure 11a,b, respectively.

Reflection Coefficient (dB)

— S22
204 $33
S44
T T T T T T
8 9 10 11 12 13 14 15
Frequency (THz)
(a)
-20
)
T -30 -
i
[=
K
© _404
g 40
[«*]
o
(3]
c -50
)
0
2
£ -60-
(2}
c
©
i
=70 <
8 9 10 11 12 13 14 15
Frequency (THz)
(b)

Figure 11. S-parameters of the proposed quad-port THz antenna: (a) reflection and (b) transmission
coefficient curves.
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The simulated S-parameters of the designed THz MIMO antenna were validated
through an analogous lumped equivalent circuit. The circuit theory analysis and impedance
method was used for constructing the equivalent circuit for the radiator and ground plane,
as depicted in Figure 12a,b. The NIAWR software and tuning and optimization procedure
was used to model the equivalent circuit. The values of antenna circuit components were
predicted using the equations and model technique described in [47,48]. The single-element
THz antenna’s equivalent circuit was designed initially and connected using coupling
capacitors of the same circuit for other antennas. The antenna resonances were collectively
modelled using series RLC parallel-fed components to synchronize the resonances in
syntony since the antenna impedance represents real and imaginary components that
have parallel resonances, which are constant in the wideband frequency of operation. The
circuit was excited using 50 () ports, and responses were recorded in terms of reflected
and transmission coefficients, as illustrated in Figure 11c,d. The wideband THz antennas
were uniformly represented using lumped elements due to the symmetry in the MIMO
antenna configuration.

R1 L1 1 c1 L1 R1
R2 L2 c2 c2 L2 R2

R L3 L
3 c3 C3 3 R3

[:Port4 R4 L4 ca C4 L4 R4 port3<]
50 ohm FAAMA— T AN —AAMAN50 ohm

Cc9
R6
R6 C6 L6
LA — ] fee AP
Cs8 C10
R1 L1 c1 C1 L1 R1
R2 L2 c2 C7 C2 L2 R2
R3 L3 C3 L3 R3

AAWA—TT C3 TN —ANMAA
DPort1 R4 L4 4 c4 L4 R4 ponzq
50 ohm PMWWN—T ST —ANM—50 ohm

R5 LS R5
B i | % AW
R6
R6 L6 ce L6

A — S TP~

()

Figure 12. Cont.
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]
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Figure 12. Validation of the THz MIMO antenna’s performance using analogous lumped circuit
resistors (Q), inductors (nH), and capacitors (pF). (a) Equivalent circuit radiator: R1 = 0.04, R2 = 7.04,
R3 =158, R4 =0.22,R5=29.4,R6 =1,1.1 = 1.839, L2 = 8.85 x 103 L3 = 7.6 x 10%, L4 = 0.5, L5 = 0.002,
L6=6,Cl =8.1 x 10%,C2=0.043,C3 =3.8 x 10°, C4 = 0.017, C5 = 1.4 x10°, C6 = 0.32, C7= 0.007,
C8 = 0.0004, C9 = 0.007, C10 = 0.008. (b) Equivalent circuit ground plane: C1 = 0.633, C2 = 0.01,
C3=0.06,L1=0.1,L2=0.11, L3 = 0.1 x10%, L4 = 0.004. (c) Reflection coefficient and (d) transmission
coefficient curves.
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3.2. Radiation Characteristics

The radiation pattern of the antenna represents the energy radiated in space. The field
patterns of radiation were plotted as a function of the E-field and H-field. The radiation
plots for the resonant frequencies 9.5, 10.6, and 12.6 THz are shown in Figure 13 a—c respec-
tively. The radiation patterns of the E-plane for resonant frequencies 9.5 THz, 10.6 THz, and
12.6 THz are approximately bidirectional and omnidirectional in the H-plane correspond-
ingly. The proposed MIMO antenna has good results in terms of gain. The gain—frequency
plot for the antenna is shown in Figure 13d. The maximum gain of 6.28 dB was witnessed
at 13 THz, and the minimum gain of 2.773 dB was observed at 10.2 THz frequency.

0 — E.plane

10': === H-plane

0 -
1049 300
.20 -

-40 4270 90

40d 240 120

300

270

240

180
(b)

Figure 13. Cont.
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8 9 10 11 12 13
Frequency (THz)

(d)

Figure 13. Radiation pattern at resonant frequencies of (a) 9.5 THz, (b) 10.6 THz, (c) and 12.6 THz;
(d) gain vs. frequency plot.

3.3. MIMO Diversity Characteristics

Diversity parameters were analyzed to study the performance of multiple antennas
(MIMO) to reduce fading losses. The envelope correlation coefficient (ECC) is measured
using far-field radiation patterns and scattering parameters. For optimal diversity perfor-
mance, the ECC should be less than 0.5. The goal of the ECC is to evaluate the number of
interactions among neighboring antenna elements in MIMO systems. Correlations across

antenna elements weaken as the ECC decreases. The ECC of the antenna can be computed
using Equation (1):
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2 2
o™ Jo* [XPR-EoiEj Py + EyiEj Py |

ECC =
JF [XPR.EQ,-E;PQ + E¢,-E;Z.P4,] dQ x [77 [T [XPR.EGJ»E;].PG + EgiEjPy| dO

)

where XPR is the cross-polarization ratio, Py and P, are the incoming wave’s angular
density functions in fields 6 and ¢, and Eg and E are the complex envelopes across the ¢
and ¢ components.

The diversity gain (DG) is calculated using ECC values. The DG value should be
approximately 10. The mean effective gain (MEG) is the ratio of the mean power received
by an antenna to that received by an isotropic antenna; it should be less than —3 dB,
and the MEG ratio should be approximately 0. The total active reflection coefficient
(TARC) measures the design effectiveness in terms of radiating power considering multiple
antennas set up, and it should be less than —10 dB. The TARC is utilized to properly
estimate the impedance matching of the MIMO antenna system. It is calculated as the
square root of the total reflected power divided by incident power. The DG, MEG, and
TARC are calculated using Equations (2)—(4).

DG = 10v/1 — ECC )
P

MEG,; = 0.5 7j; ;09 = 0.5 (1 — Z]sﬂ) 3)
j=1

Here, #; 144 is the ith element’s radiation efficiency, P is the total number of elements present
in the MIMO system, and S;; is the s-parameter between ports i and j.

2
\/2}1—1 ‘Sjl + Loz Sjmefon-1
TARC =
V4

Here, 6 is the phase angle of the input feeding and S, is the s-parameter between ports j
and m, wherej=1,2,3,4and m=2,3,4.

The channel capacity is enhanced with multiple elements, and the loss in the channel
capacity (CCL) should be less than 0.4 bps/Hz. The number of antennas in any traditional
MIMO system may be expanded to improve channel capacity. The CCL, on the other hand,
is created by the correlation of densely positioned antenna components. The CCL is the
upper limit rate of the channel for reliable communication. The multiplexing efficiency
(ME) is the measure of effective element spacing in the MIMO configuration and should
be less than 0 dB. The ME is a statistic used to assess the performance of a MIMO antenna
system in spatial multiplexing mode, taking into account the efficiency and correlation
among MIMO radiating elements. From the mathematical expressions for calculating the
diversity parameters, Figure 14a-c shows the diversity plots of the above parameters. The
simulated values of ECC and DG were less than 0.05, DG was approximately 10, MEG was
less than —3 dB, the MEG ratio was approximately 0, TARC was less than —10 dB, CCL
was less than 0.3 bps/Hz, and ME was less than 0 dB. These diversity parameter values
prove that the values are well within the specified limits. The CCL and ME are computed
using Equations (5) and (6).

4)

CCL = —logodet(a)® ®)

Here, a® is the receiving antenna correlation matrix. For a four-element MIMO system, a®

is expressed as
P11 P12 P13 P14
R = P21 P22 P23 P2
P31 P32 P33 P34
P41 P42 P43 P44



. Sens. Actuator Netw. 2023, 12, 69 16 of 20

10.0

0.8 :
0.7{ —ECC(1,2) L o5
ECC(1,3)

061 —ECC(1,4) L 9.0
0s] —DG(1,2)

— DG (1,3) - 8.5
0.4- DG (1,4) '
05 L 5.0
0.2- | L 7.5
0.0 - /

Frequency (THz)

yd

DG

ECC

[--]
©
-
o
-
-
-
N
-
w
-
-
-
(5]

MEG (dB)

E 0.3
s L-15 @
oy el
ey w
O 0.2 [T20 =
Q 1
i F-25
0.1 - |
‘=30
F
0.0 T T T T T T =35
8 9 10 1 12 13 14 15
Frequency (THz)
()

Figure 14. MIMO diversity parameters (a) ECC and DG, (b) MEG/MEG ratio and TARC, (c¢) CCL
and ME.
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N
pii =1—| Y Si, Spilfori,j=1,2,34,...
n=1
N
pij =1—1|)_ S} Suj|fori,j=1,2,34,...
n=1
Nmux = A/ 172 (1 - Pz]) (6)

where 71 and 7 are the radiation efficiencies of the first and second antenna elements.

3.4. Comparative Analysis

In the literature, many antennas and MIMO structures operating in the THz frequency
spectrum have been developed with different design techniques, substrate types, dimen-
sions, and antenna performance parameters. The comparative analysis of the proposed
design structures with this existing work is presented in tabular form. The antenna charac-
teristics, such as impedance bandwidth, isolation, and peak gain, are tabulated in Table 2,
and MIMO diversity parameters are listed in Table 3. The proposed antenna outperforms
those in [32-37] in terms of compactness, isolation, and gain. Also, the proposed antenna
has good diversity parameters relative to the antenna designs presented in [32-37].

Table 2. Comparison of scattering parameters.

Ref Sub. Type Conductor Antenna Size N Impedance Bandwidth  Isolation  Peak Gain
P Type (um?) Elements (THz) (dB) (dB)
[31] - copper 110 x 65 x 10 2 3.1-60 >30 12dB
[32] polyimide graphene 600 x 300 x 45 2 0.276-0.711 >20 -
. 0.024, 0.028
(3  KT/duroid - 150 x 200 x 80 2,438 0.037,0.035, >30 -
5880 0.2
[34]  polyimide copper 110 x 40 x 20 2 0.8-10 >20 8.6 dBi
. graphene .
[35] Si3N4 378 x 354 x 15 2 0.259-0.324 >50 6.38 dBi
and gold
graphene,
[36] polyimide alumina, and 133 x 255 2 5.5-10 >20 9.14 dBi
silicon
[37]  polyamide copper 45 x 45 x 2 4 2.38-11.18 >18 6.5 dBi
Prop. polyamide copper 46 x 46 x 2 2,4 8.96-13.5 >25 8.96 dB
Table 3. Comparison of diversity parameters.
Ref ECC DG (dB) MEG (dB) TARC (dB) CCL (bps/Hz) ME (dB)
[31] <0.00001 - - <0.1 -
[32] <0.001 <-3 <—10 <0.5 -
[33] <0.000046 - - <0.023 -
[34] <0.001 >9.995 - - - -
[35] - - - - -
[36] - - <0 <0.2 -
[37] <0.18 <=3 <—5dB <0.3 <-15
Prop. <0.05 10 <=3 <—10 <0.3 <0

4. Conclusions

In this paper, we proposed a nature-inspired lotus-shaped radiating element for the
THz frequency range. It was further developed into a four-port MIMO antenna with a
unique defected ground structure to reduce mutual coupling. Various performance analy-
ses included reflection and transmission coefficient plots, gain plots, radiation plots, surface
current distribution, and diversity performance plots like ECC, DG, MEG, TARC, CCL,
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and ME. The reflection and transmission curve demonstrated a bandwidth of 9-13 THz
and isolation better than —25 dB throughout the impedance bandwidth. Also, the antenna
has approximately bidirectional and omnidirectional radiation properties at its resonant
frequencies. Among the diversity parameters, ECC was less than 0.05, DG was approxi-
mately 10 dB, MEG was less than —3 dB, TARC was —10 dB, CCL was 0.3 bps/Hz, and
ME was less than 0 dB. As a result, the suggested MIMO antenna has been validated for
use in high-speed 6G wireless link communication networks.
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