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ABSTRACT A graphene-based folded monopole antenna with super-wideband bandwidth and a small
volume is proposed in this paper. The antenna features a disc-loaded folded cylindrical configuration that
mainly consists of graphene-powder and graphene-ink cylinders, along with copper discs. Two primary
radiation modes are generated and combined to achieve the desired super-wideband bandwidth. The applied
graphene-powder and graphene-ink cylinders serve as crucial radiating and tunable elements, rendering the
antenna impedance matched across the super-wideband range. Furthermore, direct current (DC) excitation
combined with conducting wires is utilized to improve impedance matching and enhance the operating
bandwidth toward lower frequencies. The measured results indicate that the antenna has a super-wideband
operating bandwidth across 0.114-0.202 GHz and 0.34-18 GHz (|S11| <-6 dB). The measured antenna
peak gains range from -3.75-3.50 dBi. The antenna dimensions can be maintained at 0.006 Az, x 0.006\r, x
0.011Ar, where A, is the wavelength in free space at the lowest operating frequency.

INDEX TERMS Super-wideband, graphene, monopole antenna, miniaturization.

I. INTRODUCTION

ITH the advancement of wireless technologies, one
W of the primary challenges in antenna design is over-
coming the fundamental limitations of antennas [1]. The
trade-off between antenna bandwidth and electrical size
is a significant challenge, particularly when it comes to
miniaturized super-wideband antennas [2]. Several prob-
lems need to be addressed, particularly regarding super-
wideband impedance matching and bandwidth enhancement.
One promising method is utilizing graphene-based compos-
ites and structures for developing such antennas [3]. How-
ever, the use of graphene-based materials, for example, a
dielectric or conductor made from multilayer graphene, as
components in antennas that serve as both resonant and
radiating elements is a promising area for exploration [4]-[6].
This is partly due to advancements in fabrication techniques,
which enable the production of various types of graphene
materials that possess unique properties and characteristics.
These include conductivity-based properties, tunable char-
acteristics, and frequency-dependent behavior [7], [8]. Ad-
ditionally, graphene-based materials are often used in com-
bination with metals to design antennas [9]. The contact
impedance between metal and graphene can vary across a
wide range of frequencies, which could be utilized for non-
linear conductivity-based impedance matching or dynamic
control for enhanced super-wideband bandwidth [10], [11].

To achieve simultaneous super-wideband performance and
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miniaturization in antenna design, several innovative ap-
proaches can be utilized. These include the use of dielec-
tric resonators/material [12], [13], fractal structures [14],
active/passive components, and geometry-independent con-
cepts [15]. When using certain graphene-based materials as
the radiating element in antenna designs at the microwave
band, it encounters challenges such as the high surface
resistance of graphene compared to metals, the electrical
size needing to satisfy the order of the wavelength, and low
radiation efficiency [5], [16]. Additionally, some graphene-
based components may not be self-resonant when integrated
into antennas because of their relatively high resistance
[16], [17]. Therefore, multilayer graphene and hybrid metal-
graphene antenna configurations, which combine graphene
with traditional metal materials such as copper, are em-
ployed to leverage the frequency-dependent, tunable, and
conductivity-based properties of graphene [7], [18]. This
approach holds significant promise for achieving impedance
matching over a super-wideband range [19], offering an
effective solution for expanding bandwidth and enhancing
antenna performance, particularly at the microwave band [7].
Accordingly, several types of graphene samples or forms are
particularly suited for microwave antenna designs and fab-
rication, such as few-layer graphene (FLG) [20], multilayer
graphene films (MGF), multilayer chemical vapor deposition
(CVD) graphenes [10], nanographene particles, and graphene
inks [21]. Although graphene powder is less commonly used,
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suspended graphene can create high-conductivity compos-
ites and offer tunable properties for flexible designs [22].
Generally, when graphene is doped, it exhibits a non-linear
conductivity response. Notably, embedding conducting wires
for DC bias is a practical method of doping graphene in
a fabricated graphene-based antenna [23]. The disc-loaded
folded cylinder structure is a well-known design in antenna
engineering. It typically involves a cylindrical antenna ele-
ment that is folded and loaded with discs, which can be ef-
fectively applied to construct graphene-based antennas with
a monopole-like radiation pattern [24].

In this paper, a super-wideband miniaturized graphene-
based monopole antenna is proposed. The antenna features
a hybrid copper-graphene disc-loaded folded cylindrical con-
figuration and incorporates multilayer nanographene. The an-
tenna was constructed and simulated using CST Microwave
Studio. Subsequently, it was fabricated and measured. Deep
insights into its working principle have been explored and
analyzed. The performance parameters of the antenna were
analyzed and contrasted. A conclusion is provided at the end.

Il. DESIGN OF MINIATURIZED SUPER-WIDEBAND
GRAPHENE-BASED FOLDED MONOPOLE ANTENNA

A. ANTENNA CONFIGURATION

The configuration of the proposed super-wideband miniatur-
ized graphene-based folded monopole antenna is presented in
Fig. 1. As can be seen, the antenna consists of a top-hat cop-
per disc, a circular ground plane, a cylindrical monopole, a
graphene-powder cylinder that surrounds the outside surface
of the cylindrical monopole, and two graphene-ink cylinders
that are shorted between the top-hat copper disc and the cir-
cular ground plane. In the simulation, the graphene-powder
and the graphene-ink cylinders are modeled by creating new
materials in CST. The conductivities and the relative dielec-
tric constants of the created graphene-powder and graphene-
ink materials,made from multilayer nanographene, are set
within a range of 100000-1000000 S/m and 1-1000 for
different frequencies in CST [25], [26]. Notably, the applied
multilayer graphene materials are set to anisotropic. Adaptive
mesh refinement is applied to simulate the antenna in CST.
The conductivities and dielectric constants change at differ-
ent frequencies to model the non-linear frequency-dependent
characteristics of the graphene-powder and —ink materials,
which contribute to the generated super-wideband band-
width. Three plastic PVC tubes are used to encapsulate the
graphene-ink cylinders and the graphene-powder cylinder.
The antenna is also fed by an SMA coaxial probe from below.
The entire antenna configuration resembles a hurricane lamp.
Three 12-V DC voltage sources are connected at excitation
point 1, 2, and 3, which are located between the cylindri-
cal monopole and the top-hat copper disc and between the
graphene-powder cylinder and the graphene-ink cylinders,
respectively. This excitation voltage value was determined
through practical testing experiments, demonstrating that the
available graphene samples have better conductivity with 12-
V DC excitation.
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FIGURE 1: Configuration of the proposed antenna. (a) 3D
view, (b) side view. The labeled dimensions are: H,=28 mm,
H5=25 mm, H3=18 mm, H4=15 mm, Hs=1 mm, Hz=0.3
mm, R{=8.5 mm, R5=8 mm, R3=6 mm, R,=4 mm, R5=0.6
mm, Rg=0.5 mm.

B. RADIATION MODES

Investigation into the working principle of the proposed an-
tenna was conducted. The radiation modes are first extracted
as depicted in Fig. 2. There are two primary frequency-
independent radiation modes, namely mode #1 and mode
#2, which combine to generate the enhanced super-wideband
bandwidth with a monopole-like radiation pattern [27]. Mode
#1 operates in the lower band (<10 GHz) while mode #2
operates in the higher band (>10 GHz) [28]. Notably, for
the lower band, the DC voltage excitation contributes to
the enhanced super-wideband bandwidth. The corresponding
vector current distributions of both modes are depicted in Fig.
2. As can be seen, mode #1 exhibits two common-center
folded monopole modes with fixed radiating paths across
the lower band, taking advantage of reduced dimensions
and enhanced radiation. Meanwhile, mode #2 exhibits two
common-center folded monopole modes but with a truncated
radiating path relative to mode #1 and a variable radiat-
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FIGURE 2: Radiation modes of the proposed antenna: (a)
mode #1 for the lower band (<10 GHz), (b) mode #2 for the
higher band (>10 GHz).

ing path with frequency. The radiation of mode #2 mainly
originates from the graphene-powder cylinder with tunable
non-linear frequency-dependent conductivity. On the other
hand, the tunable conductivity of the graphene-ink cylinders
serves as the primary function for the frequency-independent
radiation of mode #1. From another perspective, modes #1
and #2 can be regarded as hybrid modes that are composites
of the HE1 ;5 mode, the folded monopole mode, and the
H FE115 mode [29].

C. EQUIVALENT CIRCUIT AND CONDUCTIVITY-BASED
PROPERTIES
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FIGURE 3: Equivalent circuit of the proposed antenna.

In terms of the proposed antenna configuration, the cor-
responding equivalent circuit is identified as shown in Fig.
3. The contact resistances (FRgpe, fgite, and Rgo.) and
the contact capacitances (Cgpe, Cyite, and Cyio.) are the
equivalent lumped components at the interface of the cylin-
drical monopole and the graphene-powder cylinder, and at
the interface of the top-hat copper disc and the graphene-
ink cylinders, which play a critical role in the conductivity-
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based properties [24]. Particularly, in the lower band, the
contact resistances dominate the antenna operation, and the
currents flow mainly through the contact resistances. In
contrast, in the higher band, the contact capacitances dom-
inate. By increasing the carrier density in the graphene,
a higher contact capacitance can be achieved, resulting in
higher conductivity and improved radiation efficiency [10].
This can be implemented through various approaches, such
as doping graphene and applying DC voltage excitation.
Additionally, as the conductivity increases, more efficient
carrier injection from metal to the multilayer graphene can
be realized. The intrinsic resistance %y, of the graphene-
powder cylinder and the inductance L, arise from the prop-
erties of the graphene-powder material. C5 is the coupling
capacitance between the cylindrical monopole and the top-
hat copper disc. C'3 and C are the gap capacitances between
the graphene-powder cylinder and the graphene-ink cylinders
1 and 2, respectively. L., Rem, and Cl,, are the equivalent
inductance, resistance, and capacitance of the cylindrical
monopole, respectively. C1 is a capacitance that separates the
cylindrical monopole from the graphene-powder cylinder. It
should be noted that the values of the lumped components in
the equivalent circuit change with different operating states
of modes #1 and #2.

A number of factors affect the conductivity of the included
graphene-based cylinders in the proposed antenna. In gen-
eral, the total conductivity is denoted as 71 (w). The antenna
input impedance is inversely related to the total conductivity
of the graphene-based cylinders, and this is expressed by
formula 1 [30].

1 1
T er(W)E

where B is the vector E-field on the graphene-based cylin-
ders surface. In terms of formula 1, the input impedance of
the antenna can be adjusted by tuning the conductivity.

D. INPUT IMPEDANCE PROPERTIES OF THE
PROPOSED ANTENNA

The effect of varying the proposed antenna dimensions on
the input impedance properties was investigated. Firstly, the
height of the top-hat copper disc is changed by varying the
height of the two graphene-ink cylinders. The curves for the
real and imaginary parts of the antenna’s input impedance are
depicted in Fig. 4.

By increasing the height of the top-hat copper disc, it can
be observed that the impedance matching becomes worse.
When reducing the height, although better impedance prop-
erties can be achieved, the distance between the top-hat
copper disc and the cylindrical monopole decreases, which
complicates the assembly and soldering of the conducting
wires during the fabrication process.

The radius of the graphene-ink cylinders affects the contact
area between the copper and the graphene. This, in turn,
influences the component values in the equivalent circuit, in-
cluding the contact resistances Cg;1. and Cy;o., as well as the
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FIGURE 4: Effect of varying the height of the top-hat copper
disc on the antenna input impedance.
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FIGURE 5: Effect of varying the radius of the graphene-ink
cylinders on the antenna input impedance.

contact capacitances Cg;1. and Cy;o.. The effect of varying
this radius on the antenna input impedance (specifically its
real and imaginary parts) is simulated and depicted in Fig. 5.
Additionally, the radius of the graphene-powder cylinder also
influences the antenna input impedance. The corresponding
simulated curves for the real and imaginary parts of the input
impedance are shown in Fig. 6. It can be observed that the
radius for both the graphene-ink cylinders and the graphene-
powder cylinder should be set to a moderate value to achieve
good impedance matching. This is partly attributed to the
hybrid copper-graphene structure and the conductivity-based
impedance properties.

E. E-FIELD DISTRIBUTIONS

The simulated E-field distributions in the yz cross-section
plane of the proposed antenna are illustrated in Fig. 7. The
observed frequencies are: 2 GHz, 10 GHz, and 18 GHz,
respectively. It can be seen that the E-field distributions are
similar to those of a folded monopole and differ in the lower
(<10 GHz) and higher (>10 GHz) bands. The two types
of E-field distributions correspond to two different radiation
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FIGURE 6: Effect of varying the radius of the graphene-
powder cylinder on the antenna input impedance.

modes (modes #1 and #2) across a wide bandwidth. These
modes combine to generate a super-wideband bandwidth
with a monopole-like radiation pattern. In the lower band, the
radiating E-fields mainly originate from the top-hat copper
disc, the graphene-ink cylinders, and the graphene-powder
cylinder. In the higher band, the radiating E-fields mainly
originate from certain sections of the graphene-ink cylinders.
Notably, the radiating direction of the E-fields from the
graphene-ink cylinders is reversed between the lower and
higher bands. This is partly attributed to the hybrid copper-
graphene properties, as the frequency response of the antenna
below 10 GHz is primarily determined by the contact be-
tween the graphene ink and copper. Meanwhile, frequencies
above 10 GHz are mainly influenced by the contact among
the graphene powder, the graphene ink and copper [28].

lll. EXPERIMENTS AND ANTENNA PERFORMANCE

The designed antenna was fabricated and assembled to pro-
duce several prototypes for comparison and experiments. A
photograph of the prototypes is depicted in Fig. 8. Notably,
for the fabricated antenna, the conductivity of the graphene-
powder and the graphene-ink samples, made from multilayer
nanographene, are approximately 100000 S/m. The average
thickness of the graphene is 1 to 3 nm, and the number of
layers in the multilayer graphene is 2 to 5. The reflection
coefficients (|.S11|) of the antenna were measured using an
Agilent E8364B PNA vector network analyzer. The radiation
patterns were measured in a microwave far-field anechoic
chamber.

A. REFLECTION COEFFICIENTS

The simulated |S71| of the proposed antenna is presented
in Fig. 9. Additionally, the measured |S;;| for two fabri-
cated antenna prototypes—one with conducting wires that
underwent DC voltage excitation once (the proposed antenna
in fabrication) and the other with no conducting wires and
no DC voltage excitation—are contrasted in Fig. 9. It can
be observed that for the proposed antenna, its simulated
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FIGURE 7: Simulated E-field distributions of the proposed
antenna at different frequencies: (a) 2 GHz, (b) 10 GHz, (c)
18 GHz.

impedance bandwidth spans 0.1-18 GHz with |S1;| <-6 dB
[13]. For the measured |Sy;| of the proposed antenna, its
impedance bandwidth spans 0.114-0.202 GHz and 0.34-18
GHz with |S71| <-6 dB. The two measured results indicate
that by applying DC voltage excitation once and loading the
conducting wires, a degraded |S11| curve can be obtained.
This is mainly due to the generated graphene doping, which
could improve impedance matching and extend the operating
bandwidth toward lower frequencies [23]. The discrepancy
between the simulated and measured results can mainly
be attributed to fabrication errors and environmental influ-
ences, such as the difference between the simulated graphene
materials and the practical graphene samples, as well as
environmental contamination that could lead to inaccurate
conductivity properties of graphene. It should be mentioned
that in the simulation, at a fixed frequency, lowering the
dielectric constant of the graphene-powder cylinder shifts
the corresponding operating band toward higher frequencies.
Conversely, increasing the conductivity of the graphene-
powder cylinder shifts the corresponding operating band
toward lower frequencies.

B. RADIATION PERFORMANCE

The simulated and measured normalized radiation patterns
of the proposed antenna are depicted in Fig. 10. The radi-
ation patterns exhibit typical monopole-like characteristics.
The measured radiation patterns are asymmetric in the E-
plane, primarily attributed to the asymmetrical assembly
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FIGURE 8: Fabricated prototype of the proposed antenna.
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FIGURE 9: Simulated and measured reflection coefficients
(|S11]) of the proposed antenna. The |S11| measurement for
the proposed antenna was conducted using the fabricated
antenna embedded with conducting wires and applying DC
excitation once.

during the antenna fabrication process. For example, the
conducting wires connected at the excitation point 1 are
slightly displaced from the center of the top-hat copper
disc. In the lower band at 0.13 GHz, the measured E-
plane radiation pattern is far away “8”-shape. Additionally,
as the frequency increases, the measured radiation patterns
exhibit more pronounced monopole-like characteristics. This
is partly due to the dominance of radiation mode #1 in the
lower band, with some radiation originating from the top-
hat copper disc. The simulated antenna gains reach up to:
-0.50 dBi (at 0.13 GHz), 3.14 dBi (at 2 GHz), -1.70 dBi (at
10 GHz), and 0.00 dBi (at 18 GHz). The measured antenna
gains reach up to: 3.50 dBi (at 0.13 GHz), -0.87 dBi (at 2
GHz), -1.17 dBi (at 10 GHz), and -3.75 dBi (at 18 GHz).
The simulated and measured antenna gains versus frequency
curves are detailed in Fig. 11. The measured antenna peak
gains range from -3.75-3.50 dBi. It should be noted that at
a frequency of 0.13 GHz, the embedded conducting wires
can enhance the antenna gain, resulting in a measured gain
of 3.50 dBi compared to a simulated gain of -0.50 dBi. The
simulated radiation efficiency of the proposed antenna ranges
from approximately 43% to 87% across the super-wideband
bandwidth. The differences between the simulation and the
measurement are partly attributed to the challenging fabri-
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cation techniques associated with using graphene, such as
difficulties in controlling graphene properties and variations
in graphene-based material properties.
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FIGURE 10: Simulated and measured normalized radiation
patterns of the proposed antenna at different frequencies: (a)
E-plane at 0.13 GHz, (b) H-plane at 0.13 GHz, (c) E-plane
at 2 GHz, (d) H-plane at 2 GHz, (e) E-plane at 10 GHz, (f)
H-plane at 10 GHz, (g) E-plane at 18 GHz, (h) H-plane at 18
GHz.

C. PERFORMANCE COMPARISON
The proposed antenna is compared to other similar antennas,
including both non-graphene-based ultra-wideband antennas
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FIGURE 11: Simulated and measured antenna gain versus
frequency.

and graphene-based ultra-wideband antennas. The results are
presented in Table 1. It is evident that the proposed antenna
has advantages in terms of size and bandwidth, utilizing
a hybrid configuration that incorporates both copper and
graphene-based materials for the radiating elements.

IV. CONCLUSION

A super-wideband miniaturized graphene-based folded
monopole antenna is proposed, fabricated, and measured.
Simulation and measurement research have been conducted
to determine the antenna configuration and investigate the
underlying working principles. Although there are some
discrepancies between the simulated and measured results,
these could be improved by using more accurate fabrication
techniques and suitable graphene materials. Compared to
existing graphene-based antennas, the proposed antenna has
the advantages of extending a super-wideband bandwidth
toward lower frequencies while maintaining a very small
electrical size. This is achieved through a hybrid design that
combines both copper and graphene-based materials for the
radiating elements.
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