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Abstract

A graphene-based dual-band terahertz rectangular dielectric resonator antenna (DRA) is
proposed in this work. The upper wall of the rectangular DRA is coated with graphene,
which acts as an impedance surface to tune the resonant frequencies of the TEyl ;and T Eyl ;3
modes of the antenna by varying its chemical potential. Also, it is observed that for some
values of the chemical potential of graphene, the TEy1 13 mode is not well excited. In another
part of the paper, an approximate formula for obtaining the resonant frequency of the gra-
phene-loaded DRA is presented for the first time. The resonance frequency results obtained
from this theoretical method for different chemical potential values are compared with the

simulation results, and it is concluded that there is a good agreement between them.
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1 Introduction

The terahertz frequency range is of great importance to researchers because of the unique
features it gives to the communication system, such as fast data transfer speeds, low inter-
rupt risk, low fading, and high reliability (Alharbi et al. 2016; Chowdhury et al. 2020).
Various antenna structures, both planar and non-planar, have been investigated for use
in the terahertz band, among which structures with higher radiation efficiencies or lower
losses are more attractive. Due to the low conduction losses in DRA, which is due to the
minimal use of metal in its structure, special attention has recently been paid to the use
of DRA in the microwave, terahertz and optical bands as an antenna element (Fakhte and
Oraizi 2016; Fumeaux, et al. 2016; Fakhte et al. 2018; Headland et al. 2015; Fakhte and
Matekovits 2022). With the advent of graphene in recent years, many terahertz devices
have been developed based on it. Electron mobility of graphene at terahertz frequencies
leads to interesting properties (Jornet and Akyildiz 2010; Moon and Gaskill 2011; Huang
et al. 2012). One of the most important properties is its conductivity control with chemi-
cal potential, making it possible to control antenna responses such as operating frequency
band and radiation pattern by changing the electrostatic bias voltage (Esquius-Morote et al.
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2014; Mehta and Zaghloul 2014; Donelli and Viani 2016). Recently, the use of graphene
in hollow cylinder DRA structures has been proposed to create resonant frequency adjust-
ments in both linear and circular polarization (Varshney 2020; Gupta et al. 2021a).

In this paper, for the first time, an approximate formula for obtaining the resonant fre-
quency of graphene-loaded rectangular DRA is presented. Using this formula, it can be
seen that by changing the surface impedance of graphene, which is obtained by changing
its chemical potential, the resonance frequency of different antenna modes can be changed.
This formula is then used to design a dual-band rectangular DRA loaded with graphene. A
microstrip line made of silver connected to a trapezoidal matching taper is used to excite
the antenna.

The article is organized as follows: Part 2 describes the structure of the antenna. Also, in
this section, the theoretical method for obtaining DRA resonant frequency is investigated.
In Sect. 3, the simulation results for different values of graphene chemical potential are dis-
cussed. Then, the ability to tune the DRA with the help of graphene is explained. Finally,
there is a conclusion.

2 Antenna configuration

Figure 1 shows the structure of the proposed graphene-loaded DRA. As shown in the
Fig. 1, a 0.34 nm thick graphene material with relaxation time = = 1 ps and temperature
of T=300 K is placed on top of a rectangular silicon DRA with permittivity of €, = 11.9.
The DRA itself is placed on a silicon dioxide (SiO2) substrate with a dielectric constant of
€, = 3.8 and thickness of &, = 1.6 pm. A 50 Q microstrip line connected to a trapezoidal
matching part feeds the antenna. A silver metal plate is placed under the substrate, which
plays the role of a ground plane. The ground plane and feed line are considered with silver
0.2um. Also, the electrostatic biasing method of graphene is shown in Fig. 1b, where a DC
voltage V), is used to tune the conductivity of graphene Gupta et al. 2021a, b; Vishwanath
et al. 2022).

The dielectric waveguide method with two impedance walls is used to obtain a formula for
the resonant frequency of graphene-loaded rectangular DRA, as shown in Fig. 2. Figure 2a
shows the antenna placed on the ground plane, while in Fig. 2b, based on the image theo-
rem, the ground plane is removed and the height of the antenna is doubled. Some modifica-
tions have been made to this model to describe a rectangular DRA loaded with impedance

(b)

Fig.1 Antenna structure, aThe 3D view of proposed graphene-loaded DRA, b the electrostatic biasing
mechanism of graphene
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Fig.2 a Graphene-loaded DRA
mounted on a metal ground
plane, b Its equivalent structure
using the image theorem

Z, =R+jX, X >R
=jX

Z, =R +jX, X » R
=X a

boundary conditions theoretically. The field expressions for the TE?, ap modes of the DRA with
two impedance walls at z = +d/2 can be written as follows:

= %HO sin <kx (x + g))COS(kyY) )
[C1 cos <kz<z+ g)) —C,sin (kz<z+ g))]
E, =0 (1.b)
E = - %HO cos (kx (x + g))COS(kyy)
0cr T Ty (1.c)
rin(t+4)) s (e )]
H = —]%zjj:—%Ho cos <kx(x + g))sin(kyy) w0
[Cl sin (kz(z+ g)) + C, cos (kz(z+ g))]
H, = H,sin <kx (x + g)>cos(kyy)
cosin(i e+ ) Coos 1)
H, = —%Ho sin (k)C (x + %) )sin(kyy) .

o4+ 2)) - osn(i e+ 4)
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The impedance boundary condition is written as follows (Balanis 2012):
E=Z,AxH @)

where 7 is the unit vector perpendicular to the z = +d/2 planes, oriented towards the inte-
rior of the DRA and Z, = R, + jX, is the surface impedance of the graphene, with R, and
X, representing the real and imaginary parts of the surface impedance, respectively. In the
following, an approximate formula for obtaining the resonance frequency of the graphene-
loaded DRA is obtained.

The conductivity of graphene sheet can be calculated by the well-known Kubo formula
(Gusynin et al. 2006) as:

kTt M,
(1 + jor)zh? | kgT

o,(w) = +21n (e7#/MT + 1) 3)

where w is the angular frequency, kg is the Boltzmann constant, h is the reduced Plank con-
stant, T is the temperature, and 7 is the relaxation time. We assume 7 = 300K and 7 = 1 ps
throughout this work. The chemical potential of graphene, y., can be tuned by varying

its biasing electrostatic voltage. The surface impedance of graphene sheet is calculated as
follows:

1
o,(®)

Z(w) = 4)

Figure 3 shows the surface impedance of the graphene with a relaxation time of = = 1ps
and a temperature of T=300 K for different values of chemical potential. As shown, for
different values of the chemical potential of graphene, the absolute value of the imaginary
part of the surface impedance is much larger than that of the real part, so the real part is
neglected in the calculations. This condition is also necessary to satisfy the boundary con-
ditions, because if the real part of the surface impedance is included in the calculations,
it can be proved that the TE® mode cannot be properly excited in the structure. Therefore,
considering that the real part is not zero, but has a very small value compared to the imagi-
nary part, it can be assumed that the quasi TE® mode is excited in the antenna.

By establishing the boundary conditions of the electric and magnetic fields on the walls
y = +b/2 and x = +a/2, it can be seen that the relations extracted to obtain k, and k, are
the same as the DWM method (Kumar Mongia and Ittipiboon 1997), i.e.:

2
k=T gy = 2 )
N
kb = 2tan”" k— + @ - Dz (6)

y

where c is the speed of light in vacuum and a, b are dimensions of the DRA. Next, to
obtain kz, the boundary conditions of the fields should be written on the z = +d/2 walls.
The boundary condition of the electric and magnetic fields on the z = d/2 wall is written
as follows:
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Fig.3 Surface impedance of 200 T T
graphene for different values of [ uc=0.1 eV
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By placing E, and H, from Egs. (1.a) and (1.e) in Eq. (7) at the boundary z = d/2, the
following equation is obtained:
Joupk . .
ﬁ (A cos(k,d) — Aysin(k,d)) = Zy(A,sin(k,d) + Aycos(k,d)) (8)
™o y
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where A and A, are the unknown coefficients of the equation that should be calculated.
Also, on the boundary z = —d/2, the boundary condition is E, = —Z,H,, so by placing the
electric and magnetic fields, the following equation is obtained:

j wMOkZ

e T A ©)
r y

o

By solving the two Egs. (8) and (9), the equation obtained to calculate k_ is as follows:

2jwupk,Zy

tan(kzd) = (10)

ok 2
ek — K2 + (5
where w = 2 zf is the angular frequency, ¢, is the permittivity of the DRA and Z is the
surface impedance of the graphene layer. Note that Eq. (10) has a real solution for k, only
if the.
surface impedance Z, is considered completely imaginary, i.e., Z, = jX,. By placing an
imaginary Z; in Eq. (10) we have:

2407k X,

tan(k.d) = 1207k X,

22
£,kg—k2

)2) (11)

(kg = k(X2 = (

Therefore, by solving Egs. (5), (6), and (11), the TE{MI] mode resonant frequency can be
obtained. The following is a design method for graphene-loaded DRA:

e First, in Fig. 3b, the value of X0 is obtained for the desired design frequency, f, and
chemical potential, y.. Then, by using Eq. (5), the values of k; and k, are determined.
e Then, by solving the Egs. (6), and (11), the values of b and d are calculated.

3 Results and discussion

In this section, using the design method presented in the previous section, a graphene-
loaded DRA at 1.62 THz is designed. The goal is to excite the TE?V] , mode in the DRA. The
parameters of graphene are considered as follows: 7 = 1ps, T=300 K and u. =0.5¢V.
The dielectric material used in the DRA is silicon and its €, is equal to 11.9. First, the
value of X0 at 1.62 THz should be determined, which can be seen from Fig. 3b that the
value of X0 at 1.62 is 173 Q. Then, by solving the Egs. (6), and (11) and considering the
square cross-section for DRA, i.e., a=b, the values calculated for a and d are equal to:
a = 38.8 um and d = 60 um. By inserting the values obtained from this method in the for-
mula available in the literature for the graphene-free DRA (Kumar Mongia and Ittipiboon
1997), the resonance frequency is calculated to be 1.53 THz, which is 0.9 THz lower than
the value calculated by the present method. Since the value of XO0 is different at other fre-
quencies, to calculate the resonant frequency of the next mode, i.e., TE’{ 13 mode, for the
initial guess, the same X0 as of the TE? " mode is used. Therefore, by solving Egs. (5), (6),
and (11), the TE"I"13 mode resonant frequency is calculated to be 2.77 THz. Figure 3b shows
that the value of X0 at 2.77 THz is about 290 ohms, so considering this value for X0, the

resonance frequency of TET 13 mode is calculated to be 2.72 THz.
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Fig.4 Reflection coefficient 0 T T T T T T T
of the proposed antenna for ~\
different values of the chemical
potential

o ,uC:O eV
---p=0.1eV

S, | [dB]

25 I | L 1
1.6 1.8 2 22 24 26 2.8
Freq. [THZ]
Table 1 Comparison between the - -
\% Th 1
theoretical and simulated results #eleV] eory Simulation
of the resonance frequencies for TET“ TEY13 TE“Y“ TE)I'13
different values of the chemical
potential 0 1.52 2.6 1.6 2.74
0.3 1.58 2.68 1.64 2.77
0.5 1.62 2.72 1.68 2.8
0.8 1.65 2.77 1.72 2.83

To confirm the accuracy of the resonance frequencies obtained from the above method,
the antenna structure shown in Fig. 1 is simulated using CST software. To match the input
impedance of the DRA to that of the microstrip line, a trapezoidal matching section of
dimensions L, = 55.8 ym and W, = 32.8 um is used. Figure 4 shows the simulated reflec-
tion coefficient of the antenna for different values of chemical potential. It is obvious that
with increasing p, from O to 0.8 eV, the resonant frequencies of both modes shift to higher
frequencies. Also, note that for values of chemical potential less than 0.3 eV, the level
of the reflection coefficient in the second band is higher than — 10 dB, in which case the
antenna works only in the first band and becomes a single band DRA.

The results of the proposed theoretical method are compared with the simulation results
for different values of chemical potential of graphene in Table 1. As both simulation and
theoretical results show, the resonant frequencies of both modes increase with increasing
the chemical potential of graphene. Note that y, = 0 is approximately equivalent to the
problem of DRA without the graphene wall, so the calculated resonant frequency is the
same as the resonant frequency calculated by the DWM method (Kumar Mongia and Ittipi-
boonthis 1997) for isolated DRA. Note that the proposed method accurately follows the
resonant frequencies of the TE},, and TE] , modes of the graphene-loaded DRA for differ-
ent y, values, unlike the conventional DWM method, which has fixed resonant frequencies
for both modes. The electric field distributions of TE{ ,; and TEyl' |3 modes at frequencies of
1.64-2.77 THz, respectively, for the chemical potential of graphene y, = 0.3 ¢V are shown
in Fig. 5. This figure shows that these two modes are excited inside the DRA.

The simulated reflection coefficients of graphene loaded DRA with two different solv-
ers, CST and HFSS, are shown in Fig. 6. Observe that they show a good agreement.

Figure 7 shows the simulated radiation patterns of the proposed graphene-loaded DRA.

Note that at the frequencies of 1.64-2.77 THz, where the TE},, and TE] , modes are
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Fig.5 Electric field distribution V/mm
of the graphene-loaded DRA for 3620
p_c=0.3 eV, aat 1.64 THz for |

TE), mode, b at 2.77 THz for

1100
TE),, mode
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Fig.6 Simulated reflection coef- 0 T T
ficient of the graphene loaded N N
DRA obtained by two different sk \ Y. \ |
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=
= -0t I —CST ]
w I} = HFSS ‘l
-15 + 1
20 I I !
1 1.5 2 2.5 3
Freq. [THz]

excited, respectively, the radiation patterns are broadside. Also, a good agreement between
the CST and HFSS results is obtained.

Finally, in Table 2, the theoretical resonant frequencies of TE? » and TE{ 13 modes cal-
culated by the proposed method are compared with simulated results. Differences between

the simulated and theoretical resonant frequencies vary between 0.1 to 4.6%.

4 Conclusion

In this paper, for the first time, a theoretical method for calculating the resonant frequency
of graphene-loaded DRA is presented. The graphene wall is assumed to be an impedance
boundary, and the DRA resonant frequency is obtained by applying the impedance bound-
ary conditions for the electric and magnetic fields. Then, using the proposed design formu-
las, a dual-band graphene-loaded DRA is designed. The proposed antenna is simulated and
the resonance frequency results obtained from the theory are in good agreement with the
simulation.
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Fig.7 Simulated radiation
patterns (gain) of the graphene-
loaded DRA, a at 1.64 THz for
both XoZ and YoZ planes, b at
2.77 THz for both XoZ and YoZ
planes

dBi

10 T T T :
0 [ 0
g
v
-10 g —¢=0 (CST) ;
; = =¢$=90 (CST) i
20 W --—¢=0 (HFSS) Y
----- ¢=90 (HFSS)
30 L— ‘ ' : : ‘ ‘
-150  -100 -50 0 50 100 150
0 [deg]
(a)

o y N
200 g — =0 (CST) ¥
30+ ? - - $=90 (CST) i
ol --- =0 (HFSS) b

------- $=90 (HFSS)

-50 : : : : : :

-150  -100 -50 0 50 100 150

0 [deg]
(b)

Table2 Comparison between the simulated and calculated results at different frequencies (¢, = 0.5¢eV)

ag.(pm) X b, (pm) X h,.(pm)  Resonance frequency [THz] [ 00 rneoryFsim )]
Error % Ssim

theory Simulation

TEy, TE} 5 TEY,, TE, 3 IEm TErrs
300x300x 500 0.184 0.233 0.185 0.241 0.5 33
120x120x 120 0.5 0.77 0.52 0.78 3.8 1.3
80x80x115 0.704 0.937 0.703 0.924 0.1 1.4
50x50x70 1.062 1.476 1.084 1.457 2 1.3
30x30x42 1.824 2.429 1.88 2.37 3 2.5
20x20x28 2.736 3.644 2.781 3.51 1.6 3.8
15x 1521 3.619 4.791 3.795 4.645 4.6 3.1
12x12x16.8 4514 5.961 4.67 5.76 33 35
10x10x14 5.412 7.153 5.59 6.854 32 4.4
8x8x11.2 6.76 8.75 6.85 8.47 1.3 33
7.2x7.2x10.08 7.51 9.73 7.73 9.33 2.8 43

@ Springer



845 Page100f11 S. Fakhte, M. M. Taskhiri

Authors contributions S. Fakhte wrote the main manuscript text and M.M.Taskhiri prepared Figs. All
authors reviewed the manuscript.

Funding Not applicable.
Declarations

Competing interests The authors declare no competing interests.

References

Alharbi, K.H., Khalid, A., Ofiare, A., Wang, J., Wasige, E.: Diced and grounded broadband bow-tie
antenna with tuning stub for resonant tunnelling diode terahertz oscillators. IET Colloquium on
Millimetre-Wave and Terahertz Engineering & Technology 2016, 1-4 (2016)

Balanis, C.A.: Advanced Engineering Electromagnetics. Wiley, New York, NY, USA (2012)

Chowdhury, M.S.U., Rahman, M. A., Hossain, M. A., Mobashsher, A.T.: A transparent conductive mate-
rial based circularly polarized nano-antenna for THz applications. In: Region 10 Symposium (TEN-
SYMP) 2020 IEEE, pp. 754-757 (2020)

Donelli, M., Viani, F.: Graphene-based antenna for the design of modulated scattering technique (MST)
wireless sensors. IEEE Antennas Wirel. Propag. Lett. 15, 1561-1564 (2016)

Esquius-Morote, M., Gémez-Diaz, J.S., Perruisseau-Carrier, J.: Sinusoidally modulated graphene leaky-
wave antenna for electronic beamscanning at THz. IEEE Trans. Terahertz Sci. Technol. 4(1), 116—
122 (2014)

Fakhte, S., Matekovits, L.: Controlling frequency distance between individual modes of dielectric reso-
nator nanoantenna using uniaxial anisotropic materials. Radiat. Phys. Chem. 190, 109812 (2022)

Fakhte, S., Oraizi, H.: Compact uniaxial anisotropic dielectric resonator antenna operating at higher
order radiating mode. Electron. Lett. 52(19), 1579-1580 (2016)

Fakhte, S., Aryanian, 1., Matekovits, L.: Analysis and experiment of equilateral triangular uniaxial-ani-
sotropic dielectric resonator antennas. IEEE Access 6, 63071-63079 (2018)

Fumeaux, C., et al.: Terahertz and optical dielectric resonator antennas: potential and challenges for
efficient designs, In: 2016 10th European Conference on Antennas and Propagation (EuCAP), pp.
1-4 (2016)

Gupta, R., Varshney, G., Yaduvanshi, R.: Tunable terahertz circularly polarized dielectric resonator
antenna. Optik 239, 166800 (2021a)

Gupta, R., Varshney, G., Yaduvanshi, R.: Graphene-based tunable terahertz self-diplexing/MIMO-STAR
antenna with pattern diversity. Nano. Commun. Netw. 30, 100378 (2021b)

Gusynin, V., Sharapov, S., Carbotte, J.: Magneto-optical conductivity in graphene. J. Phys. Condens.
Matter. 19(2), 1-25, 026222 (2006)

Headland, D., Nirantar, S., Withayachumnankul, W., Gutruf, P., Abbott, D., Bhaskaran, M., et al.: Tera-
hertz magnetic mirror realized with dielectric resonator antennas. Adv. Mater. 27(44), 7137-7144
(2015)

Huang, Y., Wu, L., Tang, M., Mao, J.: Design of a beam reconfigurable THz antenna with graphene-
based switchable high-impedance surface. IEEE Trans. Nanotechnol. 11(4), 836-842 (2012)

Jornet, J. M., Akyildiz, I. F.: Graphene-based nano-antennas for electromagnetic nanocommunications in
the terahertz band. In: Proceedings of the Fourth European Conference on Antennas and Propaga-
tion, pp. 1-5 (2010)

Mongia, R k., Ittipiboon, A.: Theoretical and experimental investigations on rectangular dielectric reso-
nator antennas. IEEE Trans. Antennas Propag. 45(9), 1348-1356 (1997)

Mehta, B., Zaghloul, M.E.: Tuning the scattering response of the optical nano antennas using graphene.
IEEE Photonics J. 6(1), 1-8 (2014)

Moon, J., Gaskill, D.K.: Graphene: Its fundamentals to future applications. IEEE Trans. Microw. Theory
Tech. 59(10), 2702-2708 (2011)

Varshney, G.: Tunable terahertz dielectric resonator antenna. Silicon 13(6), 1907-1915 (2020)

Vishwanath, Varshney, G., Sahana, B.: Implementing the single/multiport tunable terahertz circularly
polarized dielectric resonator antenna. Nano. Commun. Netw. 32-33, 100408 (2022)

@ Springer



Dual-band terahertz dielectric resonator antenna with graphene... Page 110f 11 845

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is
solely governed by the terms of such publishing agreement and applicable law.

@ Springer



	Dual-band terahertz dielectric resonator antenna with graphene loading
	Abstract
	1 Introduction
	2 Antenna configuration
	3 Results and discussion
	4 Conclusion
	References




