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Abstract

This paper presents a study concerning the design of
transmission lines using graphene. This study aims to
obtain the thickness and conductivity values of graphene.
These values were obtained by performing simulations of
the skin effect and sheet resistance for different
conductivities and thicknesses of graphene. Finally, once
the values were obtained, simulations of microstrip and
coplanar lines were carried out to analyze the effect of the
graphene. In addition, a comparison between graphene
lines and copper lines was performed.

Graphene, Skin effect, Sheet resistance, Microwaves

Resumen

En este proyecto se presenta un estudio respecto al uso del
grafeno en el disefio de lineas de transmision con la
finalidad de obtener los valores de grosor y conductividad
del grafeno para que éste presente una baja resistividad de
hoja. Estos valores fueron obtenidos realizando
simulaciones del efecto piel y la resistencia de hoja para
diferentes conductividades y grosores del grafeno.
Finalmente, con los valores obtenidos se realizaron
simulaciones de lineas de microcinta y coplanares para
analizar el efecto que tiene el grafeno en estos dispositivos.
Ademas, se realiz6 una comparacion de los resultados con
lineas disefiadas con cobre.
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Introduction

Today, wireless communications play an
essential role in daily life. Most wireless
communication systems are in the microwave
frequency range. Within these systems, passive
devices use different conductive materials,
seeking to have low electrical resistance and
high conductivity, deposited on rigid or flexible
substrates, such as glass, polymers, or fiberglass

[1]

One of the materials that have allowed
development in recent decades is graphene,
thanks to its electrical, mechanical, thermal, and
optical properties [2, 3]. Although this material,
due to its two-dimensional structure, is limited in
applications such as structural materials [2], this
characteristic, together with those mentioned
above, has allowed development in microwave
devices [3, 4], among which are transmission
lines, resonators and antennas [5, 6, 7, 10].

Microwaves devices

Microwave devices have different uses, ranging
from  telecommunications and  mobile
applications [7] to radar systems [8, 9].
Furthermore, the applications of microwave
devices have increased due to the rise of 14.0 and
the 10T. Therefore, the challenge of the design of
microwave devices is to offer responses that
satisfy the requirements of the new ways and
systems to communicate.

New methods for obtaining and applying
graphene have made this material a good option
for microwave devices design. One of the most
essential processes is graphene-based printing
[5, 10, 11, 12]. In this type of ink, it is possible
to be purely graphene or a metal/carbon-based
hybrid ink [13], but since in some environments
the hybrid ink can generate oxidation, and this
would impair conductivity, they have opted for
the purely carbon-based ink (graphene) [5, 11].
Another technique is laser-induced graphene
(LIG) [14], which is versatile for inducing
porous graphene from polymeric substrates.
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Making devices with graphene offers
several advantages, such as the low cost for its
mass implementation, its excellent mechanical
resistance [10, 11, 15], being able to use the
devices in varied environments without loss of
conductivity and being able to combine the
graphene with other elements to improve
properties [11]. Although graphene is not the
best conductor on the market, its advantages
over the most used manufacturing materials
counteract that part.

Skin effect

The skin effect () is a practical problem in all
conductors which consists in the fact that the
currents that are flowing on the conductor are
restricted to a small area, and the higher the
working frequency, the smaller the surface that
will be used currents [16], this is better
appreciated in

Figure 1.

GHz

Figure 1 Skin effect on the material

To obtain the value of the skin effect, we
use the equation:

2

§= (1)

WO

For which it is necessary to know the
angular frequency (o), the conductivity of the
material (o), and permeability in free space (pwo)
[16]. Table 1 shows the value of the skin effect
in some materials, varying the frequency.

Skin effect (3)

Material Conductivity(c), f=60Hz f=1KHz f=1MHz f=1GHz
S/m

Silver 62e6 8.25 2.02 mm 0.064 mm 2.02 um
mm

Copper 57e6 8.61 2.1mm 0.067 mm 2.11 um
mm

Gold 41e6 10.1 2.48 mm 0.79 mm 2.48 um
mm

Aluminum 38e6 10.5 2.58 mm 0.82 mm 2.58 um
mm

Steel 10e6 20.5 5.03 mm 0.159 mm 5.03 um
mm

Graphite Ted 246 mm 60 mm 1.90 mm 60.1 um

Silicone 2.3e3 1350 331 mm 10.5 mm 331.9 um
mm

Table 1 Materials and skin effect

MORALES-CENTLA, Nathaniel, TORREALBA-MELENDEZ,
Richard, TAMARIZ-FLORES, Edna lliana and LOPEZ-LOPEZ,
Mario. Microstrip and coplanar lines with graphene. Journal of
Chemical and Physical Energy. 2022



Article

3

Journal of Chemical and Physical Energy

According to Table 1, we can appreciate
the effect of the conductivity and the operation
frequency over the skin effect. Concerning
frequency, skin penetration decreases with
frequency increases. Similar behavior occurs
when the conductivity increase. For that reason,
in this work, we analyzed three graphene
conductivity values between 1.02 e4 S/m and
1.1e6 S/m; these are reported in other articles [5,
7,12, 17, 18, 19]. Figure 2 shows the skin effect
for the three graphene conductivity values
against the frequency.

4
3><10 ‘ ‘

—o =5.45e5 S/m

— =1.02¢4 S/m
o =1.1e6 S/m

2 2.5 3 8.5 4 4.5 5 55 6
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Figure 2 Relation between skin effect and angular
frequency

From figure 2, we observed that the skin
effect is inversely proportional to the frequency.
Besides, we analyzed skin effect versus
conductivity behavior for three frequencies in
the microwave range, varying the conductivity
value, considering the minimum and maximum
mentioned above.

’ %107
—f=3e8 Hz
08 —f = 2.45e9 Hz
f=10e9 Hz
—~0.6
E
<04
0.2 ¥
0 = —
10° 10* 10° 10%

o (S/m)

Figure 3 Relation between skin effect and conductivity

Figure 3 shows the behavior of the skin
effect concerning conductivity for three
frequency values. For the three frequency
values, the skin effect decreases with increasing
conductivity. The curve for 10GHz presents the
lowest values for the skin effect in a range of 0.2
to 0.01 mm.
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Correlation between conductivity and sheet
resistance

The sheet resistance is a property used
particularly in conductors and thin-film
semiconductors. This value does not depend on
the dimensions of the sheet, which makes a
comparison between samples easy [20].

Conductivity is the property of the
material for the propagation of heat or electric
current. The conductivity is denoted by the letter
o. Also, the inverse of the o is the electrical
resistance represented by p [21].

The sheet resistance is denoted by the
equation 2 in therm of the p.

Rsp = % (2)
Where:
Rsh = Sheet resistance (€2/sq)
p = Resistivity of material (QQ*m)
t = Thickness of material (um)
Although, in this article, we considered

the sheet resistance in terms of conductivity like
follow:

Rep = — 3)

- txo

In the analysis of sheet resistance of the
graphene, we use three reported values of
thickness of graphene [10, 14] and a
conductivity range between 1.02e3 S/m and 5e6
S/m[5, 7,12, 17, 18, 19]. Figure 4 shows the
variation of sheet resistance versus conductivity.
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Figure 4 Response of sheet resistance with three thickness
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From figure 4, we observe that the sheet
resistance decreases with the conductivity
increase. Moreover, the skin effect is raised
when the thickness of the material is reduced.
Therefore, to select a graphene material, we
must consider a trade-off between the thickness
and conductivity to ensure a low sheet resistance
for the graphene.

Microstrip lines

Microstrip lines are composed of a line of
conductive material separated from the ground
plane by a dielectric, either rigid or flexible [8,
22].

The simulated microstrip line was
designed over the glass as substrate with a
dielectric permittivity of &= 5 with a thickness
of h=1.6mm [14]. The line has an electrical
length of 90° for 5GHz and a characteristic
impedance of Z0=50Q. The dimensions of the
line were calculated employing the following
equations.

= <2 (4a)

0.61
&r

%:%[3—1—111(23—1)+%{1n(3—1)+0.39——}];%> 2 (4b)

Where:
A= Zo sr+1+er—1 (0.23 +0.11)
60\/ 2 & +1 &
_ 377
 2Z0E
1
e+l | -1 12h\ " 2
Eeff =5 T3 (1+7) (5)

The length L of the microstrip lines is
calculated by

Cc

xS [Eerr
4

= (6)

4

L =

The microstrip line was simulated in
Sonnet (USA), the thickness of the graphene was
set up at t=0.050mm and conductivity of 3700
S/cm. The layout of the microstrip line is
presented in Figure 5, and the microstrip
dimensions are in table 2.
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— C —4 B 4

Figure 5 Microstrip line measures

7.78 mm 5.54 mm 2.77mm

Table 2 Measures of Microstrip

To evaluate the behavior of the graphene
line, we compared the insertion losses (S21) and
return losses (S11) of the graphene against
copper lines coefficients. Figures 6 and 7 show
these comparisons.

-20
-301

-40

S11 (dB)

-50+ —Graphane|-

—Copper
1 2 3 4 5 6 7 8 9 10
Frequency (Ghz)

Figure 6 Reflection coefficient response

Figure 6 compares the return losses of
microstrip lines with graphene and copper. This
comparison was performed in a frequency range
of 1 to 10 GHz. The return losses (S11) for the
graphene microstrip line present similar
behavior and amplitude as the copper microstrip
line. In both cases, the S11 is under -20dB.

——Graphene
—Copper r

0

-0.02 -

-0.04

S21 (dB)

-0.06
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Figure 7 Transmission coefficient response
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Figure 6 compares the return losses of
microstrip lines with graphene and copper. This
comparison was performed in a frequency range
of 1 to 10 GHz. The return losses (S11) for the
graphene microstrip line present similar
behavior and amplitude as the copper microstrip
line. In both cases, the S11 is under -20dB.

Figure 7, concerning the insertion losses
(S21), the graphene microstrip line presents a
higher insertion loss than the copper microstrip
line, as shown in Figure 8. This change is due to
the difference in conductivity. Insertion loss of
the graphene line remains at -0.07 to -0.02dB,
while S21 of the copper line is at -0.04 to -
0.005dB.

Response of simulation
Copper

Freg Sl11 S21
1GHz | -55.4902 | -0.0038
2.45GHz | -37.5923 | -0.0069
5.6 GHz | -21.4119 | -0.0409
10 GHz | -30.5344 | -0.0160
Graphene

Freg S11 S21
1GHz | -47.7863 | -0.0150
2.45GHz | -42.4298 | -0.0241
5.6 GHz | -22.0879 | -0.0640
10 GHz | -30.8236 | -0.0524

Table 3 Values obtained from S11 and S21 of copper
and graphene

Table 3 summarizes transmission and
reflection coefficients in the frequencies 1GHz,
2.45GHz, 5.6GHz, and 10 GHz of the microstrip
line with graphene and copper

Coplanar lines

The coplanar waveguide (CPW) is composed of
a conductor and two ground planes located on
each side of the conductor with a separation,
mounted on a dielectric on the same plane [23].

We take the following values for the
simulation of a CPW: as dielectric, we use glass
with a dielectric constant of er= 5 and a thickness
of h=1.6mm. The design frequency was 5 GHz.
Besides, the line was designed considering an
electrical length of 90°, a characteristic
impedance Zo=50Q, and a value of C=3mm.
Figure 8 shows the layout of the CPW line.

To obtain the effective dielectric constant
Keff, we use the equation 7 [23]
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Kepr =[5+ 1/, ©)

The length (A) of CPW was obtained
with the equation 6. To avoid resonances higher
than the proposal, the value of C+2D must be
less than A/2, and the size of the ground planes
(2B) must be at least five times the value of
C+2D [24]. Through a parametric analysis based
on the principal values, we reduced the weight of
the ground plans to 2B=4C. Table 2 presents the
calculated dimensions of the CPW line.

D fe—G—f e———8——1 _

Figure 8 Design of CPW

A B C D
9.4 mm 6 mm 3 mm 0.3 mm

Table 4 Measures of CPW

Two CPW lines were simulated with the
last dimension in the HFSS software program.
In addition, one line was simulated considering
the graphene conductivity of 3700 S/c. The
other line was simulated using the copper
conductivity of 57e6 S/m. The results of the
return losses are shown in

Figure 2, and the insertion losses are shown in

Figure 3.

—Copper
—Graphene)|

1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 2 Reflection coefficient response
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Figure 3 Transmission coefficient response

From Figure 9, the return losses of both
lines are under -30dB. The return losses of the
CPW line with graphene present a higher level
in a range of -35 to -30 dB. However, the return
losses of the CPW with cooper are in the range
of -45 to -33dB.

However, as in the microstrip line, the
CPW line simulated with graphene presents
higher insertion losses than the CPW line with
cooper. The insertion losses of the CPW
graphene line oscillate between -0.7 to -0.15 dB
in the simulated frequency range. Table 4
summarizes the insertion and reflection losses
for four frequencies.

Response of simulation |
Copper

Freg S11 S21
1GHz | -46.5965 | -0.0197
2.45GHz | -42.9147 | -0.0569
5.6 GHz | -32.2544 | -0.19.17
10 GHz | -36.6859 | -0.2279
Graphene

Freg Sl11 S21
1GHz | -35.9347 | -0.01332
2.45GHz | -32.8684 | -0.02633
5.6 GHz | -30.4198 | -0.5428
10 GHz | -35.4867 | -0.7412

Table 5 Values obtained from S11 and S21 of copper
and graphene

Conclusions

In this article, we can see that graphene is an
element that, due to its particular characteristics,
can be used for the design of microwave devices
as a conductive material and, due to its
mechanical properties, it can be deposited on
flexible substrates.

Besides, in this paper, we found a trade-off
between the conductivity and the thickness of
the graphene to obtain low sheet resistance, whit
the objective to reduce the insertion losses (S21)
of the designed lines.
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