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Layered Graphene Transmission Line as a Tunable
Band Stop Filter and Amplitude Modulator at
Terahertz Frequencies

Saughar Jarchi®*

Abstract- In this paper, the effects of loading the substrate of a
series of graphene transmission lines, in a terahertz frequency band,
by longitudinal graphene strips, are investigated and numerically
simulated. Two applications of a tunable band-stop filter and
amplitude modulator are designed. At first, a single graphene strip is
inserted in the substrate of a series transmission. It is shown that by
changing the chemical potential of the inserted graphene strip, in the
range of 0-0.6 eV with step of 0.2 eV, a tunable band-stop filter which
supports four cases of all-pass response and 10-dB rejection bands
of 1.77-2.55 THz (36.1%), 2.55-3.47 THz (30.5%) and 3.13-4.1 THz
(26.8%) in the frequency range of 1-5 THz is obtained. Then, to
generalize the structure to obtain more flexibility and cover a wider
range of applications, three parallel longitudinal strips are placed in
the substrate, and the transmission response with varying chemical
potential of all the graphene strips is calculated. It is observed that,
with changing chemical potential of graphene elements in the range
0-1.4 eV, a tunable band-stop filter with lower bandwidths of 1.94-
2.49THz (24.8%), 3.52-3.68THz (4.4%), 4.25-4.82THz (12.56%),
which is applicable for high quality systems, as well as an amplitude
modulator with more than 10 cases of modulation depths ranging
from 0 to 100%, in the frequency range of 3.4-3.8 THz, and with
optimum performance at the frequency of 3.6 THz, are obtained.
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|. INTRODUCTION

ue to its high frequency, the terahertz frequency band

provides high capacity with low-latency signal
transmission and is promising for 6G communications. In
recent years, with the development of THz sources, this
frequency range has attracted researchers’ attention, and a
variety of devices for communication purposes, such as
antennas, filters, switches, modulators, sensors, metasurfaces,
and others, have been designed and investigated [1-6].

In the design of THz devices, in addition to conventional
metals such as gold and silver, graphene is widely employed [7-
11]. Graphene is a single layer of carbon atoms with a 0.34 nm
thickness. In many applications, few-layer graphene (graphene
with fewer than 6 layers) and multi-layer graphene (6 to 30
layers) are used. Graphene can be fabricated using several
methods, including chemical vapor deposition, mechanical
exfoliation, epitaxial growth, etc., and it can be produced on a
variety of substrates, including Si, SiO2, AI203 [12], [13]. In
this paper, multi-layer graphene with 10 nm thickness,
approximately 30 layers, is considered.

Surface plasmon polaritons (SPP), which are surface waves
propagating on the surface boundary of a metal and a dielectric
in optical frequencies, can be supported by graphene at lower
frequencies of infrared and THz [1]. Another special feature of
graphene in the THz frequency band is its tunable conductivity,
which enables the design of reconfigurable devices [14-20].

Graphene is widely applied to design THz antennas with
reconfigurable properties of radiation pattern, polarization, and
frequency [21]. Terahertz absorbers based on graphene and
hybrid metal-graphene structures are designed and investigated
[22]. Modulators in the THz frequency band for communication
applications, utilizing the tunable conductivity of graphene, are
proposed and studied [23]. Graphene intelligent surfaces with
beam steering properties for 6th generation communications are
designed and investigated [24]. Various metasurface sensors
are proposed in the THz frequency band, and graphene elements
in their structures are employed [25].

While a vast amount of work is performed in designing
parallel structures for filter and modulator applications, there
are a few published works for series configurations in the THz
frequency band. Although series configurations are a basic
means of realizing microwave and millimeter-wave devices
such as filters, couplers, power dividers, etc., they can be
employed in THz frequencies and integrated photonic devices
as well [26], [27]. A series switch, based on SPP propagation,
using graphene, is designed and investigated in near-infrared
frequencies in [1]. The proposed structure provides two cases
for the transmitted signal and implements a switch's on and off
states. In reference [28], a series amplitude modulator is
designed that utilizes six transverse graphene strips in the
dielectric layer beneath the signal transmission line.

In this paper, a double-layer series transmission line
composed of longitudinal graphene strips inserted in the
substrate is investigated. It is shown that by changing the
chemical potential of graphene parts, a tunable band-stop filter
as well as an amplitude modulator are obtained. In the previous
work of the author [28], an amplitude modulator is designed
using six transverse graphene strips in the substrate. In this
work, by applying longitudinal strips, two different applications
of a tunable band-stop filter and amplitude modulator are
achieved using a single series transmission line configuration.
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I1. Theory of the designs

The series transmission line of this paper is inspired by
multilayer microstrip structures. Metallic parts of conventional
transmission lines are implemented by graphene; the
controllable conductivity variations of graphene in the THz
frequency band are utilized to fulfill the required tunable
functionality. As is known from research papers, the
conductivity of graphene in the THz frequency band can be
stated by [29], [30]:
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Where, e represents the electron charge, T is the temperature
in Kelvin, 7 stands for the reduced Planck constant, k B shows
the Boltzmann constant, 1 is the relaxation time and E_F is the
chemical potential or Fermi energy. The conductivity can be
changed in a wide range using several methods, including an
electrostatic bias voltage, a magneto-static field, chemical
doping, and optical stimulation. The conductivity of graphene
elements in this paper are supposed to be changed by applying
an electrostatic bias voltage.

Graphene can support surface plasmon polaritons (SPP) at
terahertz frequencies. Dispersion relation of SPP modes
propagating on a graphene sheet surrounded by media with
dielectric constants of € rl and €_r2 is calculated from [1]:
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Where k,, = p — ja represents the propagation constant of
SPPs and k, = w/c is the wavenumber of free space. The
dispersion relation is strongly dependent on the conductivity of
graphene, o, which is a function of chemical potential, y., and
relaxation time, t. Therefore, the SPP propagation on a
graphene sheet can be engineered to overcome the desired
characteristics with the proper selection of u. and t. However,
the dispersion relation of SPP waves on graphene strips is
complicated and should be exploited by numerical techniques.

I11: Design and simulation results

The designed structures of this paper are based on a series of
graphene transmission lines loaded by graphene elements in the
substrate, which was first introduced in [28]. In the presented
transmission line, graphene is employed instead of metal, due
to its tunable conductivity, which provides a means of
controlling electromagnetic wave propagation in the THz
frequency band. In this work, to simulate graphene elements,
the relaxation time is considered t=1ps, the same value as the
reference [30]. The temperature equals T=295K and the
thickness of graphene is 10nm. All the simulations are
performed using CST Microwave Studio software. Two
different configurations, composed of a single graphene strip
and three longitudinal graphene strips inserted in the substrate,
are studied. In the proposed structures, the maximum value of
chemical potential is considered as 1.4eV, which is reasonable

according to previously published papers on graphene
structures.

A. Assingle graphene strip inserted in the substrate

The layered series graphene transmission line is shown in
Fig. 1, which the upper graphene strip, employed as the main
transmission line, is placed on a SiO2 layer backed by a
graphene sheet. A graphene strip is inserted in the SiO2
substrate which a distance of t=1um from the edges of the first
and second ports to prohibit electric contact with these ports.
The dimensions of the structure shown in Fig. 1 are according
to Table I.

TABLE |
Dimensions of the TL Illustrated in Fig. 1(a) (in pm).
Parameter | W L a b di dz t

value 10 20 7 18 5 2 1

@

Port 1 signal transmission line (graphene) Port 2
S$i0, longitudinal graphene strip
Si0,
ground plane (graphene)
(b)
ot — N

. Polysilicon
pad
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Fig. 1. Series graphene TL loaded by a single graphene strip: (a) perspective
view, (b) side view, (c) biasing structure of graphene elements.

To change the chemical potential of the graphene elements,
an electrostatic bias voltage is utilized [30]. Polysilicon pads
with a thickness of h = 100nm are inserted in the substrate
with a distance of d = 50nm from the graphene element and
the bias voltage are applied between the polysilicon pad and the
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graphene, as shown in Fig. 1(c). Chemical potential of the
uppermost and the lowermost graphene elements, designated by
Uq In Fig. 1, is kept constant and equal to 1.4 eV while the
chemical potential of the middle graphene element, shown by
Uz, IS Varied to provide a tunable response. Transmission of the
structure, i.e., magnitude of Sy, is simulated and plotted in Fig.
2 for four values of u., equal to 0, 0.2, 0.4, and 0.6 eV. The
layered transmission line provides a band-stop filter with a
tunable rejection band. In addition, for u., = 0eV, the input
signal is directed to the output port, with a small insertion loss,
and the rejection band is eliminated in the frequency range of
1-5 THz.

11,706

-20 - -
1 1.5 2 25 3 3.5 4 4.5 5

frequency, THz

Fig. 2. Magnitude of S,; for the structure of Fig.1 with changing chemical
potential of the middle graphene strip.

To provide an insight for the working principle and the
reason of tunable response of the design of Fig. 1, electric field
distribution is calculated and illustrated in Fig. 3, at the
frequency of 3 THz and for the two cases of chemical potential
of the middle graphene strip equal to ., = 0eV and ., =
0.4 eV. From Fig. 3(a), It is observed that for ., = 0.4 eV the
propagating waves of the main transmission line are coupled to
the beneath graphene strip and therefore, high insertion loss is
resulted. The reason is that, when chemical potential of the
middle graphene strip is u., = 0.4 eV, graphene can support
SPP waves with low loss and, due to low separation between
the signal TL and the middle graphene strip, the propagating
waves of the signal TL couples to the middle graphene strip and
less energy is conveyed to the second port and high isolation is
resulted.

However, when the chemical potential of the middle
graphene strip is set as u., = 0 eV, as shown in Fig. 3(b), the
electromagnetic waves are mainly propagated on the main
transmission line and guided to the output port because, in this
case, the middle graphene strip can’t support SPP waves.

B. Three longitudinal graphene strips in the substrate

To achieve more flexibility and cover broader application
areas, three graphene ribbons, with equal lengths of L = 18um,
are included longitudinally under the main transmission line
and in the substrate, as shown in Fig. 4. The width of the middle
ribbon ism = 5 um and the widths of the other two ribbons are
equal to 2.4 um. There is a gap of g = 0.1 um between the
ribbons. To better showcase the proposed design, the gaps are
plotted larger than the real values. The ribbons are numbered as
shown in Fig. 4. Chemical potentials of the longitudinal strips
are designated by ., Hez, M3, While chemical potential of the

signal transmission line and the ground plane are characterized
by pco-

In the first step, the chemical potential of the main
transmission line and the ground plane, represented by ., is
assigned the two values of u., = 1.4 eV and u,, = 0.7 eV, and
the chemical potentials of the middle graphene elements are
assigned the two values of 0 eV and 1.4 eV and transmission of
the structure is simulated and plotted in Fig. 5(a). It is observed
that the proposed structure can be used as a tunable band-stop
filter. Performance of the structure as a tunable band-stop filter,
as shown in Fig. 5(a), illustrates that in the frequency range 0.1-
7 THz, the 10 dB rejection band can be tuned to the bandwidths
of 1.94-2.49 THz, 3.52-3.68 THz and 4.25-4.82 THz,
depending on the chemical potentials of the graphene strips.

In the second step, assigning the chemical potential of all the
graphene parts to three different values of 0 eV, 0.7 eV, and
1.4 eV, various states of transmission magnitudes are achieved,
which makes the designed structure of Fig. 4 work as an
amplitude modulator. To evaluate amplitude modulators,
modulation depth, defined as follows, is considered [7]:
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Fig. 3. Electric field distribution at 3 THz: (a) u., = 0.4 eV, (b) u, =0 eV.
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Fig. 4. Loaded substrate with three longitudinal graphene ribbons.
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Where, T represents transmission and T,,,, Stands for
maximum transmission of the structure. Modulation depth is
calculated and plotted in Fig. 5(b). It is observed that at the
frequency range of 3.4-3.8 THz, several discrete values of
modulation depth with changing chemical potential of the
graphene parts are obtained. The designed structure is quite
efficient as an amplitude modulator and provides a maximum
modulation depth of 100% with best performance at 3.6 THz.
The performance of the proposed design in this paper is
compared with the previously published series structures in the
THz frequency band in Table Il. As it is observed from the
table, the proposed structure of this paper provides two different
applications using the same structure.

Modulation Depth

frequency, THz

_/j,co=0,p,c1=1.4,ycz=1.4,pc3=1.4

;Lco=1.4,p,c1=0,;1.c2=0,,uc3=0
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Fig. 5. (a) Transmission magnitude of the structure of Fig. 4 for three sets of
chemical potentials, (b) modulation depth of the structure of Fig. 4 with
changing chemical potential of all the graphene strips.

TABLE Il
Comparison With Series Structures at the THz Frequency
Band
Reference | Number of | Application Frequency
layers band
[1] 1 Switch 25-30 THz
[28] 2 Amplitude 3.4-3.8 THz
modulator
Thiswork | 2 Tunable band- | 1.9-4.7 THz,
stop filter, 3.6 THz
Amplitude
modulator
IV. Conclusion

A layered series transmission line is introduced, the main
conductor and the ground plane are implemented by graphene,
and the dielectric is loaded by longitudinal graphene strips. It is
shown that inserting a graphene strip in the substrate and
changing its chemical potential in the range of 0-0.6 eV,
provides a tunable band-stop filter with 10 dB rejection bands
of 1.77-2.55 THz (36.1%), 2.55-3.47 THz (30.5%) and 3.13-4.1
THz (26.8%) with an all-pass response in 1-5 THz frequency
band. With increasing the number of middle graphene strips to
three and applying different chemical potentials to the graphene
elements, both a tunable band-stop filter with reduced
bandwidths of 1.94-2.49THz (24.8%), 3.52-3.68THz (4.4%),
4.25-4.82THz (12.56%), which is appropriate for high quality
applications, and an amplitude modulator in the frequency band
of 3.4-3.8 THz with optimum performance at the frequency of
3.6 THz and providing more than 10 cases of modulation depths
from 0-100% are obtained.
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