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Abstract

In this work, a printed coplanar waveguide (CPW) fed single band antenna based on
expanded graphite material is introduced. The proposed antenna is based on a CPW-mono-
pole antenna with a U-shape conductor strip connected with the ground. Expanded graphite,
a grade of graphene, is used as a conductor to design the uniplanar antenna over a flexible
paper substrate. The antenna is designed for 2.4 GHz applications. The antenna design pro-
cedures are discussed. The material preparation and analysis are illustrated. Finally, the
antenna fabrication and measurements of the reflection coefficient are discussed. The mea-
sured antenna reflection coefficient agrees with the simulated one, ensuring the antenna val-
idity for serving the required applications. The radiation antenna parameters are discussed
and simulated results from two-simulation software are included for comparison. The antenna
has a simulated gain of 4 dBi and simulated efficiency of around 90% at 2.4 GHz.

Introduction

Due to the large demand for novel flexible systems such as smart clothes [1], RFIDs, healthcare
systems [2–4], and many other applications [5, 6], flexible electronics are introduced as a very
interesting technology. Flexible antennas are one of the most interesting elements in the whole
flexible system. Flexible systems require special materials for designing the various system ele-
ments. The most used materials for designing flexible electronics are nanomaterials [7], poly-
mers [8], and nanocarbon [9]. One of the nanocarbon families is expanded graphite (EG). EG
is preferred over nanometals like gold, silver, copper, and aluminum conductive inks, espe-
cially in terahertz applications. Gold and silver have a high cost than nanocarbon.
Aluminum and copper have a relatively low price but they suffer from oxidization with
time, which affects the conductivity of the device. Polymers suffer from thermal and mechan-
ical instability. The previous reasons make nanocarbon preferred to be used in the design of
future flexible electronics.

Graphene, the 2-D carbon atoms arrangement [10], has been used for various graphene
applications, such as tunable components [11], printed components [12], and many other
applications. EG is multiple graphene layers stacked over each other with a very small separ-
ation between the graphene layers. By performing a process of mechanical agitation for EG,
graphene nanoplatelets (GNP) could be prepared. The process of mechanical agitation can
be performed through solvent exfoliation by shearing [13] or sonication [14]. The resulted
GNP ink has a high conductivity that makes it suitable for printed circuits. But, the processes
performed on the EG to obtain GNP cause defects in the sheet and decrease its lateral size.
These reasons decrease the conductivity of the ink. Besides, the required heat treatment for
the ink to remove the binders makes GNP not suitable for heat-sensitive substrates as
paper. Because of these problems, using EG ink for printed electronics is a superior solution.

Coplanar waveguide (CPW) antenna is one of the most widely used antenna configurations
in literature [15]. It also can be named slot antenna. Slot antennas have the main advantage of
having a wide bandwidth impedance matching [16, 17]. They were used in the design of multi-
band antennas as in [18]. Slot antennas are widely used in the design of circular polarized
antennas as in [19] and high gain flexible antennas as in [20]. Due to the fabrication restric-
tions in printed graphene components, slot antennas with a wide bandwidth of impedance are
preferred to be used. In this work, CPW fed with a U-shape conductor strip-based CPW
monopole antenna is designed at 2.4 GHz for wireless applications. Flexible paper with relative
permittivity 3.2 and thickness = 120 μm is used as a substrate. The antenna fabrication steps
are discussed. A brief discussion of the preparation process is included. Measurements of
the antenna reflection coefficient and pattern analysis are discussed in the next words. To
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ensure the antenna parameters, the antenna is simulated with two
different electromagnetic (EM) solvers, CST and HFSS.

Antenna design

The proposed antenna is designed based on a CPW monopole
antenna with a U-shape conductor strip. The antenna structure is
mainly composed of a conventional CPW feeding monopole
antenna surrounded by U-shape conductor strip ground. EG ink,
with a thickness of 30 μm and conductivity of 1 × 104 Sem./Sq.,
is used as a conductor for the antenna design. Flexible paper,
with relative permittivity (εr = 3.2), loss tangent 0.0092 [21],
and thickness of 120 μm, is used as a substrate. On one hand,
the conventional CPW monopole antenna is designed to operate
at 2.4 GHz applications as shown in Fig. 1(a). The optimized
dimensions of this antenna are L1 =W1 = 60 mm with patch

length LP1 = 37 mm and width WP1 = 35 mm. The simulated
reflection coefficient is shown in Fig. 2 (black curve). From
Fig. 1(a) we can see that the antenna has a large area which
increases the overall size of the system. On the other hand, by
using the U-shape conductor strip, the antenna length is
decreased to 13 mm which reduces the antenna length. The over-
all antenna length is decreased to 35 mm with the same previous
width. By using a U-shape conductor strip CPW antenna, the
monopole operating frequency is maintained at 2.4 GHz with a
smaller area. The simulated S11 for the two antennas is added in
Fig. 2. To ensure the results extracted from CST software, the
U-shape conductor strip-based antenna is simulated by using
HFSS. The two results are shown in Fig. 2. As shown in Fig. 2,
the two antennas resonate at the same frequency (with a narrow
band for the case of the proposed antenna). But, the U-shape con-
ductor strip-based antenna has a smaller surface area making it
more preferred for printed components. The final proposed
antenna shape is illustrated in Fig. 1(b) and its dimensions are tabu-
lated in Table 1. The antenna lumped equivalent circuit is shown in
Fig. 1(c), with L and C elements that control the resonant frequency
and resistance R that represents the radiation resistance of the
antenna [22, 23]. The shunt branch of series resistance R2 and
inductor L2 controls the input impedance of the antenna.

Fig. 1. 2-D layout of the two antennas; (a) CPW-fed monopole antenna. (b) The proposed U-shape conductor strip-based antenna. (c) The equivalent circuit model
of the CPW antenna.

Fig. 2. Comparison between the CPW antenna and U-shape conductor strip antenna
based on both CST and HFSS reflection coefficient with the equivalent circuit for
monopole antenna.

Table 1. Dimensions of the proposed antenna (all in mm)

Parameter Value Parameter Value

L2 35.5 W2 60

LSlot 18 WSlot 50

LP 2 13 WP 2 40

Lg2 10 S 1
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The values of the lumped elements are R1 = 45.55Ω, R2 = 11
Ω, L1 = 0.456 nH, L2 = 1.35 nH, and C1 = 10.1 pF. Because of the
fabrication limitations, the CPW feeding line has a 3.5 mm
width and 0.5 mm gap. These values shift the input impedance
of the CPW feeding line from exactly 50Ω. As it is known
from the CPW feeding configuration, the gap width between
the feeding line and two grounded stubs affects the feeding
input impedance.

As it is known, the U-shape conductor strip increases the path
of the surface current of the antenna which produces a higher
gain value of the antenna than the conventional CPW antenna.
This explanation is ensured by the current distribution shown
in Fig. 3. The surface current shows that, at the resonant fre-
quency (2.4 GHz), the surface current distribution of the antenna
is concentrated at U-shape conductor strip sides of the ground,
beside the radiating element itself.

To ensure the superiority of the proposed antenna, the nor-
malized E-plane and H-plane radiation patterns for the two
antennas are compared in Figs 4(a) and 4(b), respectively. As
shown, the U-shape conductor strip-based antenna has a nar-
rower beamwidth in H-plane compared to the traditional CPW
monopole. Hence, the U-shape conductor strip-based antenna
is more directive than the conventional antenna.

Graphene preparations and analysis

Expandable graphite (EG), Asbury carbon grade 3772, with 300–
500 mm lateral size and 10–50 mm thickness is used as initial
material as shown in Fig. 5(a). EG is initially inserted between
two tables and subjected to a compression of 50 bar. Then, it is
placed inside a rounded flask and evacuated. To expand the
graphite, the flask is subjected to microwave radiation with 900

Fig. 3. The surface current distribution of the U-shape conductor strip-based antenna at the resonant frequency (2.4 GHz).

Fig. 4. Comparison between the simulated polar plot of
conventional antenna and the proposed one. (a)
E-plane, and (b) H-plane.
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watts. Repeating this process two times for 30 s resulted in an
expansion of graphite layers to 2–10 mm with an increase of
200 times. The EG is washed by using distilled water, and then
the obtained ink is dried at 100°C. The obtained EG is shown
in Fig. 5(b). To use the ink as a dry ink for the printed antennas,
the residual acidity removal process is performed by a repeated
water washing process. The pH of the water used for washing is
increased from 2 to 7 [24]. The obtained EG has binder-free
compact and flexible sheets. EG is then compressed, resulting to

Fig. 5. (a) EG flakes, (b) EG, (c) EG after compression.

Fig. 6. Different analysis results of the expandable graph-
ite, EG, and compressed EG. (a) XRD patterns. (b) FTIR
spectra.

Table 2. XDR analysis for expandable graphite, EG, and compressed EG

Parameter
Expandable
graphite EG

Compressed
EG

Diffraction peak
(002) shape

Sharp and
narrow

Broad Sharp and
strong

Point (o) 26.460 26.7 27

D-spacing (nm) 0.36 0.33 0.3
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Fig. 7. The antenna printing steps configurations. (a)
Antenna pattern design, (b) antenna pattern filled with
EG, (c) compression of EG.

Fig. 8. (a) The fabricated reflector antenna. (b) Measured antenna reflection coefficient.

Fig. 9. Comparison between simulated co-polarized and
cross-polarized radiation patterns for the two planes
resulting from CST and HFSS. (a) E-plane. (b) H-plane.

Fig. 10. Comparison between simulated gain/efficiency (gain in black color and effi-
ciency in red color) for without and with U-shape conductor strip-based antenna
resulting from CST and HFSS. Fig. 11. The antenna reflection coefficient under different bending radius values.
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obtain a compressed EG with low surface roughness in the surface
plane as shown in Fig. 5(c). As shown in Fig. 5(c), the obtained
compressed EG has worms which when it is increased, the ability
of the sheet for radiating EM waves is increased [25].

Different analyses for the three stages, EG, and compressed EG
are performed as in [26]. The X-ray powder diffraction (XRD)
analysis is shown in Fig. 6(a). Concerning the diffraction peak
(002) pattern, the angle of the peak, and the interlayer d-spacing,
a comparison between the three studied states has been concluded
in Table 2. From the results, it can be found that the EG diffrac-
tion peak dropped and came to border than the EG. This is a
result of microwave treatment. Also, a significant decrease in
the stacked layers of numbers is achieved. These obtained results
agree with the results in [26]. A sharp and strong diffraction peak
is obtained by compressing EG [9, 26]. By completing the analysis
of the material, the Fourier-Transform Infrared spectroscopy
(FTIR) technique is used and the results are shown in Fig. 6(b).

It is noticed that the absorption peaks for the three cases ran-
ged from 3300 to 3600/cm. These results correspond to the
stretching vibration of the −OH group for the three cases.
Noticing clear signals at 1640 and 1580/cm means a C = C double
bond stretching vibration [27] and C–C skeletal vibration [28],
respectively. The absence of peaks at 1740–1720 and 1230/cm
related to C = O, and C–O, respectively, indicates little defects
of the graphitic basal plane [29] resulted from the microwave
thermal expansion.

Antenna fabrication, measurements, and analysis

The antenna is fabricated by using the previously prepared ink.
The fabrication process steps are illustrated in Fig. 7 (for simple
antenna pattern). First, the antenna pattern is cut in a 2.5 mm
acrylic sheet to achieve the negative shape. Then the pattern is
placed over the paper (used as a flexible substrate). EG powder
is used to fill the pattern area. The acrylic punch is used to com-
press the EG. The final compressed EG sheet thickness has an
average thickness of 30 μm [9]. Also, the electrical conductivity
was measured and equaled 1 × 104 Sem./Sq. To measure the RF
antenna parameter, like the antenna reflection coefficient, SMA
must be connected to the paper-based EG antenna. The Silver
conductive epoxy (MG Chemicals 8330S) is used in the soldering
process.

The final fabricated antenna is shown in Fig. 8(a). Then, the
antenna reflection coefficient is measured by using vector net-
work analyzer with the results shown in Fig. 8(b). The measured
results indicate good results with an acceptable agreement with
the simulated one. HFSS simulation results are added to the

comparison as a second check to validate the S-parameters per-
formance. The measured result has the same trend as the simu-
lated results; however, there are differences between the
measured and simulated results. These are because of the fabrica-
tion process, SMA soldering, and the very thin paper substrate,
which affect the measuring process.

The antenna radiation patterns for gain and the efficiency are
not measured because of the lack of the measurements of the
proposed antenna. Instead, comparisons between simulation
results for antenna from CST and HFSS EM solvers have been
achieved. The simulated co-polarized and cross-polarized radi-
ation patterns for the two software results in both the E-plane
and H-plane are shown in Figs 9(a) and 9(b), respectively. As
shown, the proposed antenna radiation pattern has a very
good result in the E-plane as shown in Fig. 9(a) with a level dif-
ference lower than −55 dB for CST simulation results. HFSS
results have the same response but with little degradation. For
the H-plane, as shown in Fig. 9(b), the antenna performance
is approximately the same.

A comparison between the two antennas (without and with a
U-shape conductor strip) is shown in Fig. 10. As shown, in the
case of the conventional antenna, the antenna simulated gain
has 1.7 dBi and the simulated efficiency is below 80% at 2.4
GHz, while for U-shape conductor strip-based antenna, the simu-
lated gain is around 4 and 3.5 dBi, and the simulated efficiency are
higher than 90 and 85% at 2.4 GHz for both CST and HFSS,
respectively. It is worth commenting that the efficiency value
may be smaller than reported simulation values on real measure-
ments due to the losses in the graphene at microwave frequencies.

The bending effect on the antenna reflection coefficient is
studied as shown in Fig. 11. The proposed antenna is curved
around the cylindrical material shape with different radius values
R as shown in Fig. 11. The radius of the cylindrical shape is chan-
ged from R = 10 mm to R = 30 mm. The simulated results of the
antenna under different bending radius values are illustrated in
Fig. 11. The antenna has good matching with a reflection coeffi-
cient lower than −10 dB for bending radius till 10 mm. The results
ensure that the proposed antenna introduced good performance
by changing the bending radius values.

A comparison between the proposed antenna and similar
recent works is discussed in Table 3. As shown in Table 3, the
proposed work conductivity is compared with [30–33]. Also,
the antenna gain is superior compared to the antenna size. As
it is clear, the antenna has a high simulated gain value with
good conductivity. Also, this simulated value may be less on
real measurements due to losses in the graphene at microwave
frequencies.

Table 3. Comparison between the proposed work and the recent similar works

Ref. Application
Frequency range

(GHz)
Overall size

(mm2)
Conductivity

(S./sq.) Material
Gain
(dB)

[30], 2019 WIFI 2.4 and 5 25.5 × 28 4.1 × 104 Printed graphene nanoflake 1.2

[31], 2019 ISM 2.45 110 × 25 104–105 Printed graphene 5.1

[32], 2019 IOT 2.4 43 x3 – Printed graphene using
water-transferring
technology

0.7

[33], 2020 ISM 2.45 – – Graphene ink 0.95

This work ISM 2.4 35.5 × 60 104 EG 4.1
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Conclusion

EG, single band, U-shape conductor strip-based monopole
antenna for 2.4 GHz wireless applications has been discussed.
Flexible paper with a relative permittivity of 3.2 and a thickness
of 120 μm is used as a substrate to make the antenna valid to
be used for flexible applications. The antenna design steps have
been included, with a discussion for the material preparation,
antenna fabrication, and measurements. The antenna has 4 dBi
simulated gain and above 90% simulated efficiency at 2.4 GHz.
The antenna-obtained results indicate its superiority for use in
wireless systems.
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