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Abstract
In this paper, graphene based SRR loaded on a two-port antenna with high isolation and 
polarization diversity is used for THz applications. The size of the two-port antenna is 
compact and two microstrip-fed radiators are placed orthogonally to achieve the polari-
zation diversity. The defective ground and stub are implemented to achieve impedance 
matching and isolation enhancement. The SRR is loaded on the ground which is based 
on the quadrupole mode of the electric field and perturbs the surface waves which creates 
null and weak electric field between antenna elements. The SRR improves the isolation up 
to 17.23 dB where the distance of edges of the antenna is only 0.15 λ. The SiO2 substrate-
based two-port antenna works from 4.9 to 6.3 THz with maximum isolation of 42.3 dB 
which can be tunable with different chemical potentials applied to SRR.

Keywords  Two-port antenna · Quadrupole mode (QM) · Graphene antenna · Isolation 
enhancement · SRR

1  Introduction

THz frequency band which has immense bandwidth potential and can be a better option 
for 6G communication which has considering the demand of high channel capacity and 
bandwidth. However, the THz band can be used for short and indoor communication due 
to high transmission and molecular loss where THz band has high absorption instead of 
GHz frequency (Akyildiz et  al. 2018).THz frequency band from 0.1 to 10 THz can be 
used in different applications such as vehicular, sensing, space, WBAN, biomedical, and 
short-range (Okan 2021; Woolard et al. 2005; Hwu et al. 2013; Rubani et al. 2020; Prabhu 
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and Malarvizhi 2022; Kumar and Saxena 2020). The antenna is an important part of wire-
less communication that can transmit and receive the EM waves. As per new requirement 
single-element antenna is not a suitable choice for THz communication therefor required 
the multi-element antenna or MIMO antenna which improve the performance in a mul-
tipath environment. The correlation between antenna elements is the important param-
eter and required a minimum distance of half wavelength to uncorrelated the antenna 
from each other. The MIMO antenna requires minimum space in the antenna elements 
to make a compact antenna but it increases the coupling and correlation and affects the 
antenna parameters. The many decoupling technologies introduced in the literature mini-
mize the antenna size and improve the isolation of defected ground (Saxena et al. 2020; 
Prabhu and Malarvizhi 2022), distance/unconnected ground (Keshwala 2021; Vasu Babu 
and Das 2022; Okan 2021; Rubani et al. 2020), tunable decoupling (Maurya et al. 2023; 
Singh and Varshney 2023) and parasitic strip (Vijayalakshmi et al. 2021). In (Saxena et al. 
2020), an elliptical-shaped radiator with microstrip fed and the partial ground is imple-
mented on RT5880 substrate where the size of the antenna is large compared to recent 
work, and the defective ground is used to increase the port isolation. In (Keshwala 2021), 
the square-shaped radiator is changed to sinusoidal which improves the electrical length 
and improve the impedance bandwidth. The partial ground of the antenna is unconnected 
and helps to enhance the port isolation. In (Maurya et al. 2023), the microstrip fed radia-
tor and ring slot are loaded on the ground to improve the impedance matching (IM) and 
is used to design a tunable two-port antenna where the tuning decoupling network based 
on graphene is used to suppress the coupling current. In (Vasu Babu and Das  2022), a 
tree-shaped radiator implemented on polyimide with the partial ground is used where the 
partial ground and tree-shaped radiator are used to improve the impedance matching and 
unconnected ground which support the uncorrelated antenna response. In (Okan 2021), the 
tapered-shaped feed and modified radiator are used to improve the impedance bandwidth 
where the radiator is placed orthogonally and unconnected ground support to suppress the 
coupling current. In (Rubani et  al. 2020), the electric length of the radiator is increased 
by a four-rectangular radiator where the isolation is improved with a quarter wavelength 
distance of the antenna which weakens the coupling current. In (Prabhu and Malarvizhi 
2022), the radiator is modified in the Koch fractal-shaped to improve the IM of the antenna 
where the defective ground is used to weaken the surface current. In (Vijayalakshmi et al. 
2021), the electric length of the antenna is modified with a series-placed patch and para-
sitic strip to eliminate and perturbs the surface current which improves the port isolation. 
In (Das et al. 2022), a modified rectangular radiator with a loaded graphene strip for tuning 
and a T-shaped stub is used to improve the isolation where the graphene also improves the 
port isolation. In (Singh and Varshney 2023), a single radiator is used to design the two-
port antenna where the graphene and multiple slots in the radiator are used to eliminate 
the coupling current which reduces the correlation between antenna. In (Aghamohammadi 
et al. 2022), the modified rectangular-shaped radiator placed in the 180° rotated and meta-
materials are used to diminish the surface current without affected the resonant frequency 
in THz bands. In (Kiani et al. 2022a), polarization reconfigurable antenna is discussed with 
graphene in leaf-shaped patch antenna without affected the physical shape. In (Kiani et al. 
2022b), the graphen and SIW based antenna is designed on silicon dioxide substrate with 
size miniaturized and reconfigurable properties. In (Kiani et al. 2023), slot based micro-
strip pathe antenna is discussed with graphene and gold conductor where the slot are based 
on gold conductor and responsible for polarization change from right-hand to left-hand cir-
cular polarization. In (Ali et al. 2023), monopole antenna is designed with microstrip-fed 
where the graphene is accomplished in the slot and produces the filtering characteristics 
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with tunable behaviour. In (Vishwanath et  al. 2023), graphene strips are utilized in the 
slot and dielectric resonator based single element antenna where the bandwidth and isola-
tion can be improved with variation of electrical characteristics of graphene. In (Nickpay 
et al. 2023a), four split ring resonator and metal ring are used to triple-band absorber and 
frequency can be shift with change in chemical voltage on grapheme. In (Nickpay et al. 
2023b), fan-shaped and graphene based absorber is designed for quad band THz appli-
cation which can be controlled by the chemical potential on graphene. In (Nickpay et al. 
2022a), patch with split ring resonator are used to design the triple band absorber based 
on the metamaterial characteristics which can be used for Refractive Index (RI) sensor in 
THz bands. In (Nickpay et al. 2022b), I-shaped and two u-shaped graphene conductor are 
placed for triple band absorber where the double band is responsible for u-shaped graphene 
and single band is based on I-shaped graphee triple band can be controlled and shifted with 
chemical potential on graphene. In (Nickpay et  al. 2022d), modified split ring resonator 
is used to designed absorber where the frequency can be tuned with applied bias voltage 
on graphene. In (Nickpay et al. 2021), the structure of the graphene strip is based on two-
rectangular with cross shaped strip for wider bandwidth as a absorber, which is insensitive 
to polarization and can be applicable in THz band. In (Nickpay et  al. 2022c), absorber 
based on graphene is designed for THz band and can be controlled by external potential 
applied on graphene. In the recent work, many decoupling technologies are discussed with 
the unconnected ground, the distance between the antenna, and defected ground where the 
graphene-based tuning model which increases the isolation and attractive choice in THz 
applications. In this approach, a tuning graphene is used to modify the isolation and |S11| 
of the two-port antenna where novel SRR is loaded based on graphene substrate in the two-
port antenna. The SRR-loaded two-port antenna novelty and technical considerations are 
discussed below.

1.	 The Two-port antenna is implemented on Silicon dioxide (SiO2) where the size of the 
antenna is only 30 × 30 �m2.

2.	 The distance from edges of the antenna elements is only 0.15�0 which is small compared 
to conventional distance ( 0.5�0).

3.	 The diagonal stub and defected ground is used to improve the impedance matching and 
improve the port isolation of the antenna.

4.	 The SRR based graphene material which has the tuning characteristics of the antenna 
parameters is placed on the ground. The SRR introduced the quadrupole mode of the 
electric field and perturbs the surface waves. The SRR occurred the high electric filed 
which weaken and null the electric field between the antenna and improve the port isola-
tion upto 17.23 dB.

5.	 The antenna element position is orthogonal which is help to achieve the polarization 
diversity.

6.	 The decoupling technology of the MIMO antenna is simple, novel with connected 
ground which reduces the design complexity.

2 � Design of the two‑port antenna

The two-port antenna is used to design for THz application and implemented on the Silicon 
dioxide as a substrate where the conducting element used is gold whose thickness is 35 nm 
as illustrated in Fig. 1a The graphene-based SRR loaded on the two-port antenna for tuning 
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performance and improve the port isolation which thickness ( Δ ) is 0.34. The microstrip fed 

Fig. 1   Two-port antenna a 
Antenna view (All dimensions 
in �m—S1 = 4, S3 = 4, S5 = 5.5, 
S7 = 12, S9 = 1, R11 = 4.5, 
S2 = 3, S4 = 6, S6 = 1, S8 = 8, 
S10 = 3.5, R12 = 4, S13 = 18). b 
Antenna steps. c S-parameters. d 
Electric field variation. e Effect 
of SRR. f Optimization of SRR
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is used as a radiator whose width is determined from Eqs. (1) to (3).

(1)If
S2

t
> 1 then

(2)�eff =
�r+1

2
+

�r − 1

2

[
1 + 12

t

S2

]− 1

2

Fig. 1   (continued)
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The determined value of the width is 3 μ m when the substrate thickness (t) is 1.5 μ m 
and Zo is 50 Ω where S2 is the width of microstrip line, εeff and εr are the effective dielec-
tric constant and dielectric constant (Balanis 2015). The evolution steps of the two-port 
antenna are illustrated in Fig.  1b where the s-parameters are depicted in the Fig.  1c. In 
step-1, two microstrip-fed radiators with a length of 18 μ m and width of 3 μ m are used 
and placed orthogonally to achieve polarization diversity. The partial ground is used with 
a length of 6 μ m to achieve impedance matching. The |S11| of the antenna is obtain from 
5.15 THz to 6 THz with isolation above 17 dB. In step-2, the rectangular slot is introduced 
on the ground behind the feed line which improves the impedance matching, and the band-
width of the two-port antenna is enhanced. The |S11| of the antenna is obtain from 4.4 
THz to 6.1 THz with isolation above 14 dB. In Step-3, the diagonal stub is accomplished 
in the ground to increase the isolation which perturbs the surface current and improves 
the ground length. The |S11| of the antenna is obtain from 4.4 THz to 6.1 THz with iso-
lation above 14 dB. In step-4, a graphene material-based Split Ring Resonator (SRR) is 
introduced in the ground at a chemical potential of 0.1 eV which generates a quadrupole 
mode of the electric field which is represented in Fig. 1d where the four different direc-
tions of electric field movement are visible in SRR. The arrow in back color represent the 
direction of the electric field. The SRR occurred the high electric field and perturbs the 
surface waves as well produce weaken and null electric field represent in the black circle in 
Fig. 1d which eliminates the coupling and improves the port isolation up to 17.23 dB. The 
SRR effect is illustrated in the Fig. 1e, where the where the enhancement of isolation is 
much higher with graphene compare to SRR with metal and without SRR and which shows 
that the graphene with quadrupole mode perfectly diminish the surface wave in between 
antenna element. The optimization steps of the SRR with different radiaus of the R11 
and R12 with step size of 1 μm is represented in the Fig. 1f where the optimized value is 
achieved of the s-parameters of radius R11 and R12 is 4.5 μm and 4 �m respectively which 
enhances the 17.23 dB of isolation.

3 � Graphene loaded on two‑port antenna

The graphene is used in SRR and loaded on the two-port antenna with electrical param-
eters, such as relaxation time (τ) = 2 ps, Chemical potential (μc) = 0.1 eV and temperature 
(T) = 300 K, scattering rate (Γ), reduced Plank’s constant (ℏ), electronic charge (e). The 
dielectric coefficient of the silicon dioxide is 3.9 and loss tangent is 0.0006 are used (Mau-
rya et al. 2023). The surface conductivity (σ) is determined from the Intraband conductiv-
ity and Interband conductivity by Kubo’s formula from Eqs. (4)–(6) (Kaipa et al. 2012; Qi 
et al. 2019; Maurya et al. 2023;). The conductivity of the graphene can be varied from the 
applied chemical potential and the permittivity is determined from Eq. (7), where Δ is the 
thickness of the graphene and ε0 is the permittivity of free space. The determined value of 
the Intraband conductivity and the total conductivity in real and imaginary form is illus-
trated in Fig. 2a and Interband conductivity is represent in the Fig. 2b from 0.2 to 10 THz. 
The determined permittivity of the grapheme is illustrated in Fig. 2c in real and imaginary 
value which is extracted from Eq. (7).

(3)Z0 =
120�

√
�eff

�
S2

t
+ 1.393 + (2∕3)ln

�
S2

t
+ 1.444

��
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(4)�intraband
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Fig. 2   Graphene analysis. a 
Intraband and total conductiv-
ity. b Interband conductivity. c 
Permittivity
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The s-parameters of the two-port antenna are determined at the different chemical poten-
tials to evaluate the effectiveness of the tuning behaviour of the graphene. The s-parame-
ters at the different chemical potentials of 0.1 eV (Optimized), 0.15 eV, 0.2 eV, 0.25 eV, 
and 0.3 eV are illustrated in Fig. 3a where the resonance frequency of the two-port antenna 
is shifted to a higher frequency, and isolation is decreased when the chemical potential is 
increased. The gain and efficiency at different chemical potentials are illustrated in Fig. 3b, 
c and detailed analyses are represented in the Table 1. The optimized value used for chemi-
cal potential is 0.1 eV where the |S11| varied from 4.9 to 6.3 THz and isolation of 24.8 dB 
to 42.3 dB is achieved. The results illustrated the chemical potential of graphene used in 
SRR effectively tune the s-parameters of the two-port antenna. The conductivity and Fermi 

(6)�Graphene = �Total = �intraband + �interband

(7)�Graphene = 1 −
j�Graphene

w�0Δ

Fig. 3   Analysis of SRR graphene 
in two-port antenna. a S-parame-
ters. b Efficiency. c Gain
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level of the graphene can be adjusted by using ion-gen with gold as electrode which is 
common in practice where the thickness of the ion-gen is small and this provides trans-
parency and large carrier density in THz bands (Nickpay et  al. 2023a, 2022a; Sorathiya 
et al. 2022; Wang et al. 2022). The electrical properties of the graphene is calculated by 
the Eqs. (4)–(7), and is inserted the real and imaginary values of set frequency dependency 
in HFSS. The surface impedance in the HFSS is defined from the (z = 1/� ) as a boundary 
condition for accurate results (Torabi et al. 2017; Gao et al. 2020; Dash and Patnaik 2021).

4 � EC model analysis

The SRR-loaded two-port antenna is used to validate with the electronics circuit (EC) 
model where the lumped element of the EC model is determined from the QUCS soft-
ware. The EC model and s-parameters are illustrated in Fig.  4a, b. The capacitance and 
inductance of both orthogonally placed microstrip fed are represented in the Ls1/Lr1 and 
Cs1/Cr1. The Ld, Cd, and Rd are demonstrating the decoupling of the two-port antenna. 
The Cs2/Cr2, Ls2/Lr2, and Rs2/Rr2 tank circuit demonstrate the single band operating fre-
quency where the final value of the S-parameters is determined from the EC model and 
HFSS are represented in the Fig. 4b where the similar response is found which validate the 
proposed SRR loaded two-port antenna.

5 � Results analysis of the SRR loaded two‑port antenna

The SRR-loaded two-port antenna is implemented on the HFSS-19 for THz applications 
where the EC model is used to authenticate the S-parameters. The |S11| of the Two-port 
antenna is obtain from 4.9 to 6.3 THz and isolation of 24.8 dB to 42.3 dB where maximum 
isolation of 42.3 dB at the chemical potential of 0.1 eV is found as illustrated in Fig. 5a. 
The gain (dB) and efficiency (%) of the SRR-loaded two-port antenna are represented in 
Fig.  5b, c. The gain of the antenna obtain from 3.27 to 4  dB and the efficiency of the 
antenna achieved from 81.5 to 88.8% showing the efficient result in compact antenna and 
silicon dioxide substrate. The normalized radiation pattern of two-port antenna at 5.6 THz 
in xz ( � = alland� = 0◦ ), xy ( � = 90◦and� = all ) and yz ((� = alland� = 90◦),) direction 
are illustrated in the Fig.  5d–f where the results are omnidirectional and stable. MIMO 
characteristics of the antenna are evaluated by the ECC, DG, TARC, and CCL from Eqs. 
(8)–(12) which is calculated from the s-parameters and illustrated in Fig. 6. The Envelope 

Table 1   Analysis of graphene 
on two-port antenna at different 
Chemical potential (μc)

Chemical 
potential 
(μc)
eV

|S11| in dB Isolation (dB) Gain (dB) Efficiency (%)

0.1 4.9 to 6.3 24.8 to 42.3 3.27 to 4 81.5 to 88.8
0.15 4.9 to 6.4 15.5 to 25.4 3.2 to 4 76.8 to 85
0.2 4.8 to 6.9 15 to 28.6 2.5 to 3.68 75 to 82
0.2.5 4.8 to 6.15 21.8 to 33.3 3.1 to 3.78 82 to 87
0.3 4.92 to 6.18 22 to 28.4 3 to 3.76 84 to 86
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Correlation Coefficient (ECC) represents the coupling between the antenna where the 0 
value is indicating a low correlation and low mutual coupling and the 1 value is indicating 
a high correlation and high mutual coupling. The ECC is determined from the s-param-
eters and calculated from the Eq. (8). The ECC of the antenna can effectively determine 
the how much antenna is independent and not affected by other antenna elements placed 
nearby. The upper rate of the ECC should be 0.5 where the SRR-loaded two-port antenna 
is below 0.002. The Diversity gain (DG) should be near 10 dB which represents the uncor-
related antenna whereas the SRR-loaded two-port antenna is close to 10  dB and shows 
the diversity characteristics of the antenna. The TARC is evaluated from the square root 
of the reflected to accept power and represent the efficiency and bandwidth of the antenna 
as illustrated in the Eq.  (10) where |b| represent the reflected vector and |a| represent the 
excitation vector. TARC is represented in the figure and shows the minimum effect of the 
variation with different phase angles and calculated by Eq.  (11) (Varshney et  al. 2019) 
where the |S11| and |S12| are the reflection and transmission coefficient of the two-port 
antenna and θ is the input phase of feed. The Channel Capacity Loss (CCL) is determined 

Fig. 4   EC model from QUCS. a EC model. b S-parameters



Graphene based SRR with quadrupole mode loaded on two port antenna…

1 3

Page 11 of 16  1043

by the extreme rate of the transmission for trustworthy communication and the CCL value 
should not be higher than 0.4 bits/S/Hz. The CCL is calculated from the Eq. (12) where 
ψR  is the correlation matrix.The CCL of the two-port antenna is not more than 0.4 bits/s/
Hz which viewing the diverse characteristics of the antenna. The comparative analysis of 
the SRR-loaded antenna with the existing works is illustrated in the Table 2. The (Saxena 

Fig. 5   Graphene loaded two-port 
antenna results. a S-parameters. 
b Gain. c Efficiency, radiation 
patterns in d xz plane e xy plane 
f yz plane
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et  al. 2020; Keshwala 2021; Vasu Babu and Das 2022; Rubani et  al. 2020; Prabhu and 
Malarvizhi 2022; Das et  al. 2022; Singh and Varshney 2023) works are used large size 
of the antenna to improve the high isolation compared to proposed antenna. The (Mau-
rya et al. 2023) used graphene based tuning model based on the bandstop Filter for isola-
tion enhancement. The (Okan 2021; Vijayalakshmi et al. 2021; Singh and Varshney 2023) 
achieved less than 20 dB isolation where (Keshwala 2021; Vasu Babu and Das 2022; Okan 
2021) are used unconnected ground. The proposed antenna which is compact and based on 
polarization diversity achieved more than 24.8 dB isolation can be efficiently work on THz 
applications.

(8)ECC =
||S

∗
11
S12 + S

∗
21
S22

||
2

(
1 − ||S11||

2
− ||S21||

2
)(

1 − ||S22||
2
− ||S12||

2
)

(9)DG = 10

√
1 − |ECC|2

(10)TARC =
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��bi��

2

�∑N
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��ai��
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Fig. 6   MIMO characteristics a ECC b DG c TARC d CCL
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6 � Conclusion

The graphene based SRR-loaded on two-port antenna is discussed for the THz applica-
tions. The size of the antenna is compact the s-parameters can be tuned with the different 
chemical potentials of SRR. The two-port antenna works from 4.9 to 6.3 THz where the 
quadrupole mode of the SRR is used to obtain the maximum isolation of 42.3 dB when the 
distance of edges of the antenna is only 0.15�0.The MIMO characteristics as ECC and CCL 
of the antenna validate the diversity performance and placement of the antenna to achieve 
the polarization diversity.
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