
Received 14 November 2021; revised 11 December 2021; accepted 12 December 2021. Date of publication 15 December 2021;
date of current version 21 January 2022. The review of this article was arranged by Associate Editor Lianqing Liu.

Digital Object Identifier 10.1109/OJNANO.2021.3135478

Carbon-Based THz Microstrip Antenna Design:
A Review

GUANXUAN LU, JIAQI WANG , ZHEMIAO XIE, AND JOHN T. W. YEOW (Senior Member, IEEE)
Department of Systems Design Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada

CORRESPONDING AUTHOR: JOHN T. W. YEOW (e-mail: jyeow@uwaterloo.ca)

This work was supported in part by Natural Sciences and Engineering Research Council Canada (NSERC). (Guanxuan Lu and Jiaqi Wang contributed equally to
this work.)

This article has supplementary downloadable material available at https://doi.org/10.1109/OJNANO.2021.3135478, provided by the authors.

ABSTRACT Increasing demands for high-speed wireless communication have stimulated the development
of novel optoelectrical devices. Typically, terahertz (THz) wave, is much advantageous because of its rela-
tively high-resolution transportation and strong penetrability property. One of the electromagnetic devices,
the antenna, plays a key role in future THz devices. However, there are few review publishments related to
carbon-based THz microstrip antenna designs. In this article, we list the basic figure of merits for evaluating
antennas. We also show the developing microstrip antenna structures. Importantly, we summarize the current
progress of THz microstrip antennas using different dimensional carbon materials, such as carbon nanotubes,
graphene, and carbon foams. This review will lay a solid foundation for carbon-based THz microstrip antenna
design, and furthermore provide novel sights for other THz antenna designs.

INDEX TERMS Wireless communication, THz wave, carbon-based THz microstrip antenna.

I. INTRODUCTION
With the proposal and development of the fifth-generation
mobile networks (5G), the demands for high-speed data
communication have been highly increasing. terahertz (THz)
band, acting as one of the possible solutions, has received
great attention. THz wave, as a submillimeter-wave, ranges
from 0.1 to 10 THz with a wavelength between 3 mm and
30 μm [1]. The generation of THz can be operated via bulk
electro-optic rectification [2], surface field generation [3] and
ultra-fast switching process of photoconductive emitters [4].
The frequency of THz wave lies between the top frequency
of microwave and the bottom frequency of infrared (IR) fre-
quency wave. In this circumstance, microwave belongs to
the field of electricity that can be explained by the theory
of electricity, while infrared waves belong to the field of
optics, which can be explained by optical theory. Therefore,
researchers try to take optics and electrics theories as refer-
ences and explore their potential applications. Different from
microwave and IR waves, the THz wave has its unique prop-
erties. Firstly, it can easily penetrate daily necessities such as
clothes, paper, plastics without any attenuation. Secondly, the
THz band has a shorter wavelength than the microwave, which

can achieve high-resolution communication. Thirdly, the THz
wave has a very low power level, non-ionizing detection pro-
cess can be achieved. Applications upon THz waves have an
unprecedented expansion in the decade of years, specifically
covering medical imaging [4], agriculture and food detection
[5], military radar [6], and especially wireless communication
including photodetector [7]–[9] and antenna [10], [11].

The antenna is one device that can receive and transmit
electromagnetic radio waves [12], and is usually divided into
the horn [13], microstrip [14], dipole [15], bow-tie [16], Yagi-
Uda [17] and lens antennas [18]. Different antennas have
their distinctive structures and properties, and thus have cor-
responding applications. In the frequency of THz regime,
antenna can be roughly divided into metallic antenna [19],
dielectric antenna [20] and new-material antenna. As for the
THz metallic antennas, most of them are radiated using cop-
per material. Nevertheless, the designed copper-based antenna
encounters low conductivity and low mobility problems [21].
Compared with copper, graphene acting as a typical two-
dimensional carbon-based material has been applied for new
material-based THz antenna [22]. The unique hexagonal pla-
nar structure of graphene promotes the inside carrier transfer,
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which thus increases the mobility, as well as the conductiv-
ity of antennas [23]. After that, several simulations towards
the electrical and magnetic properties of various dimensional
carbon-based materials have been proposed and investigated
via CST microwave studio or Ansys HFSS software for de-
signing THz antennas.

In this paper, THz antennas applying carbon nanotubes
(CNTs), or graphene will be presented. Except that, the ad-
vantages and disadvantages of multiple carbon materials will
be discussed in detail. The structure of this paper is as fol-
lows: Section II focuses on a detailed introduction on several
parameters related to the antenna. Section III presents some
fundamental structural components of microstrip antennas,
followed by the impact of various-shaped slots on the antenna
performance. As the core part of this paper, Section IV de-
scribes the performance of THz microstrip antennas including
1D carbon structure achieved by CNTs and carbon nanofibers
(CNFs), 2D carbon structure achieved by graphene, as well
as 3D carbon structure achieved by carbon foams and 3D-
graphene. Several physical antennas and simulated results are
proposed and summarized. Finally, this review concludes by
giving an outlook on THz microstrip antenna with different
dimensional carbon materials in the abovementioned sections.

II. FIGURE OF MERITS
The properties of compact, broad impedance bandwidth and
high radiation efficiency are main obstacles for researchers
to utilize the THz band to design antennas. Therefore, it is
crucial to find suitable standards to evaluate antenna perfor-
mance. In this case, one particular antenna can be evaluated
by some electromagnetic parameters including radiation pat-
tern, directivity, gain, impedance, reflection coefficient, volt-
age standing wave ratio (VSWR) and scattering parameters.
In this section, several basic concepts and equations used for
describing the impacts and evaluating antenna performance
are provided.

A. DIRECTIVITY, RADIATION EFFICIENCY AND GAIN
Directivity and radiation efficiency acts as the standard ter-
minologies for antennas. [24] Directivity denotes the ratio
of the antenna radiation intensity in a given direction to the
averaged radiation intensity over all directions [25]. Radia-
tion efficiency, also used as antenna efficiency, represents the
transformation rate of radio frequency (RF) power accepted
into radiated power [12].

Gain describes the degree to which the antenna converts
input power into radio waves emitted in a particular direc-
tion based on a transmitting antenna or converts radio waves
from a particular direction into electrical energy based on a
receiving antenna [26]. It combines the directivity (D) and
radiation efficiency (εr) parameter of one particular antenna
by the equation:

G = D · εr . (1)

B. IMPEDANCE
Due to the wide use of impedance in different fields, there
is no precise definition for antenna impedance. In this case,
antenna impedance can be regarded as the resistance to a
transmitted or received electrical signal in a particular an-
tenna, which serves as a basic but crucial parameter of antenna
performance evaluation.

C. RADIATION PATTERN
Radiation pattern, also known as gain pattern, refers to the
visual scheme of how the antenna source and detector transmit
and receive radio frequency energy [12]. The radiation pattern
can be considered as a plot of gain regarding the direction
change, which is divided into two-dimensional (2D) radia-
tion patterns and three-dimensional (3D) radiation patterns
(Fig. 1(a)). Among that, the radiation pattern is widely applied
due to its straightforward. representation of the relationship
between the antenna’s main lobe and the sidelobe (Fig 1(b)).
The main lobe represents the largest lobe area in the desired
propagated direction and the side lobe is the lobe area in
unwanted directions [24]. With a bigger the ratio of the main
lobe and the side lobe area, antennas will show a higher
working efficiency.

As shown in Fig. 1(c) and (d), two configurations also
known as H-plane and E-plane, are measured. The H-plane
stands for the horizontal plane which generally coincides with
XY plane in normal coordinates or � = 90◦ in spherical coor-
dinates [12]. It can be easily used for measuring the radiation
efficiency and the maximum directivity of the antenna. As for
the E-plane, it represents the elevation plane where � = 0◦ in
spherical coordinates [12].

D. SCATTERING PARAMETERS AND
REFLECTION COEFFICIENT
Scattering parameters (S-parameters) provide a relationship
between the input and output power of different ports in
the antenna structure, which can be measured using the port
analysis method [26]. Among the scattering parameters, the
absolute value of S11, which stands for the amount of power
reflected from the antenna, has become the main focus and is
generally quoted by radio frequency engineers in most recent
research papers. The absolute value of S11 can be calculated
according to the following equation:

|S11| = lim
l→∞
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FIGURE 1. Schematic diagram of (a) Spherical Coordinates for antenna analysis. (b) Working pattern of an antenna. Reproduced from [[12], Copyright
2015, with the permission of IEEE. (c) The simulation of the H-plane radiation pattern in omni-direction. (d) The simulation of the E-plane radiation
pattern in omni-direction. Reproduced from [[27], Copyright 2010, with the permission of IEEE.

where ZL is the load impedance, Z0 is the characteristic
impedance and Γ is the reflection coefficient.

According to the (2), it can be seen that the absolute value
of S11 and Γ are the same. Except that, reflection coefficient
(Γ ) can be quantized as the amplitude ratio of the reflected
voltage (V−) to that of the forward voltage (V+) [12] by
applying the below equation:

Γ = V −

V + = ZL − Z0

ZL + Z0
(3)

E. VOLTAGE STANDING WAVE RATIO
Voltage Standing Wave Ratio is usually abbreviated as
VSWR, which varies by the reflection coefficient and reports
the power reflected from the antenna [12]. VSWR can be
calculated via the following formula:

V SW R = 1 + |Γ |
1 − |Γ | (4)

where Γ stands for the reflection coefficient. The antenna will
perform better if it has a smaller value of VSWR, which means
more power is delivered from the transmitter to the detector.

As for an ideal THz antenna, the reflection coefficient is equal
to 0 and the minimum value of VSWR can be achieved for
1.0.

E. RETURN LOSS
Return loss is correlated with the reflection coefficient (Γ )
parameter and reveals the magnitude of the reflected wave
[12]. In recent research, the return loss is mostly expressed
as negative to express the loss. The bigger the absolute value
of return loss is, the larger the antenna receives and the better
the antenna detector performs consequently. The relationship
between return loss and reflection coefficient is as followed:

Return Loss = − 20 · log (Γ ) = −10 · log

(∣∣∣∣Pr

Pi

∣∣∣∣
)

,

= − 20 · log

(∣∣∣∣Vr

Vi
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)

(5)

where Pr and Vr are the power and voltage of reflection, and
Pi and Vi are the power and voltage of input. According to
the above equation, it can be seen that the value of return loss

VOLUME 3, 2022 17



LU ET AL.: CARBON-BASED THZ MICROSTRIP ANTENNA DESIGN: A REVIEW

FIGURE 2. Schematics of the (a) Simple microstrip antenna structure. (b)
H-shaped slot radiating patch plane. (c) Elliptical-shaped slot radiating
patch plane. (d) T-shaped slot radiating patch plane. (e) U-shaped slot
radiating patch plane.

will decrease with the increasing value of reflection coefficient
(Γ ).

III. STRUCTURE
Microstrip antennas, also referred to as the patch antenna,
are preferred for easily integrated and fabricated, as well as
low-cost characteristics [27]. It is composed of three funda-
mental planes: the substrate plane, the ground plane, and the
radiating patch plane. Although there are many geometrical
shapes designed and reported by RF researchers [23]–[29],
rectangular substrate-based THz microstrip antenna is widely
used in recent research. In this structure, the radiating patch
plane is assembled on one side of the dielectric substrate plane
and the ground plane is on the other side.

Some designed antenna structures are summarized in Table
I (shown in the supporting information) [30]–[35]. In terms
of the fabricated size of the microstrip antenna, there is a
close relationship among the size of antenna, the resonant
frequency, and the wavelength of THz wave: the total length
of antenna is in inverse proportion to the resonant frequency
and directly proportional to the wavelength. In this case, the
higher the resonant frequency performs, the smaller the an-
tenna can be made. Meanwhile, the length (L) of rectangu-
lar microstrip structure is around one-half wavelength in the
dielectric medium, the width (W) controls the level of input
impedance [41], and the thickness is mostly controlled under
200 micrometres.

Since the slot on the radiating patch plane has a crucial ef-
fect on the antenna performance, choosing the suitable shape
of the slot patch layer is significant for researchers. As Fig. 2
shown, H-shaped, U-shaped, Elliptical-shaped, T-shaped, and
some novel-shaped slots are mostly used in recent research.

According to the performance of different antennas, the
slot-shaped antenna becomes more compact compared with
antennas without slots. Meanwhile, with the improvement of
inducing different shape slots, each of them has its own disad-
vantages. For instance, elliptical-slot hexagonal THz antenna
performance better in accordance with gain, return loss, and
VSWR and a higher resonant frequency at 1.400 THz, but

offers lower directivity for the operating frequency below 0.85
THz compared with same size U-slot shaped antenna [37].

IV. MATERIAL
The selection of suitable materials is a significant step for
designing a high-performance THz microstrip antenna. The
frequency of resonance, relative permittivity, conductivity,
and loss tangent acts as the leading criteria in material selec-
tion. Meanwhile, due to the special “sandwich-like” structure
of the microstrip patch antenna detector, researchers need to
consider not only the mentioned parameters of the materials,
but also the compatibility between every structure plane. The
radiating patch plane plays the most important role among the
microstrip patch antenna structures. In terms of frequency in
the THz range, copper is mostly used for metal patch THz
antenna [42]. However, copper antenna has a relatively large
energy loss during the propagation process and a decreased ra-
diation efficiency due to the mobility and conductivity limita-
tion of copper at THz frequency. Compared with copper THz
antenna, carbon-based materials have been examined and had
a satisfying performance for the THz regime [38]–[42], which
makes it possible to apply this type of materials on designing
THz antenna. In this section, different dimensional carbon-
based materials are introduced in accordance with their per-
formance on THz microstrip antenna. By summarizing the
parameters and comparing, the advantages and disadvantages
will be concluded.

A. ONE-DIMENSIONAL CARBON-BASED MATERIAL
CNTs are discovered by Sumio Iijima in 1991, which are
rolled up into tubular structures by sp2-bonded graphite sheets
with nanometer diameter and large length ratio [48]. They
can be divided into either single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs)
generally, or zigzag CNT, armchair CNT, and chiral CNT for
SWCNTs, and special type double-walled carbon nanotubes
(DWCNTs) for MWCNTs in detail. Compared with MWC-
NTs, SWCNTs usually show higher electrical conductivity,
better thermal conductivity, and smaller resistivity due to the
unity of structure. Recent researches based on SWCNTs ma-
terial focuses on applying dipole antenna, which has excellent
performance through the sub-THz and THz frequency [44]–
[48]. Only a limited number of researches simulated and fab-
ricated SWCNTs microstrip antenna [49]–[52]: Mehdipour et
al. [58] use SWCNTs composites and design a low-profile
wideband microstrip-fed monopole antenna, which performs
2.6 dB/cm loss between 0.024–0.034 sub-THz region, and
0.94–2.24 dB peak gain. However, reported antennas meet
low radiation efficiency associated with the loss challenge.

As for the application of MWCNTs, although they are
highly disordered and contain many defects, some MWCNTs
loaded microstrip THz antennas are invented. In 2009, Elwi et
al. [59] apply inkjet printing technique on embedding purified
MWCNTs in a sodium cholate composite thin film to create
a patch antenna that performs nearly 45% more bandwidth
and the same radiation pattern in contrast to copper patches
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with identical antenna structure between 0-10 GHz sub-THz
region. To shorten the microstrip line and detect less than
millimetre wave, Thampy and Dhamodharan [60] designed an
MWCNT loaded fluorine-doped tin oxide (FTO) based optical
transparent patch antenna. This patch antenna has a great
performance between 0.711–0.796 THz and achieves a broad
impedance bandwidth of 11.33% and around 40% radiation
efficiency. Nevertheless, the impedance mismatch challenge
between MWCNTs and the doped materials still exists in
this structure. Based on previous research, they designed an-
other type of transparent antennas based on MWCNTs loaded
indium-doped tin oxide (ITO) and titanium-doped tin oxide
(TIO), which achieves −45.13 dB and −40.51dB return losses
at 0.750 GHz and 46.13% and 61.01% radiation efficiency
respectively [61].

Despite the defects of SWCNTs and MWCNTs, researchers
try to combine them and produce nanotube bundles [57], [58]
or sheets [59], [60], which can exhibit higher radiation effi-
ciencies orders than individual CNTs antenna [66] and higher
radiation efficiency with the increasing nanotube density of
the bundle [67]. In 2004, Zhou et al. [68] propose a conductive
CNTs sheet via polymer-printing technology and construct
a polymer-CNTs based microstrip antenna, which achieves
5.6 dB gain and 0.9 �/square resistivities. To investigate the
relationship between the antenna impedance and the density
of SWCNTs, Mostofizadeh et al. [69] focused on the elec-
trical properties of SWCNTs bundles. The results show that
when the equivalent number density of SWCNTs is up to 104

CNTs/μm , the antenna can yield more than 90% radiation
efficiency in THz regime between 1 THz and 50 THz. At the
same time, the impedance of SWCNTs bundle decreases with
the increasing number of SWCNTs, which thereby reduces
the high resistive loss and kinetic inductance of SWCNTs.
Combined with the performance and development of carbon
nanotubes in the THz microstrip antenna, it is seen that CNTs
can be utilized as a suitable alternative for copper patch an-
tenna. In 2014, Keller et al. [70] fabricated a vertically aligned
MWCNTS array sheet film by applying the chemical vapor
deposition (CVD) technique and simulated a MWCNT-based
sheet microstrip antenna. The result shows that the perfor-
mance of the MWCNTs-based sheet patch antenna can be
affected by the thickness of the CNT sheet. Compared with
0.5 um-thick CNT sheet radiating layer, 5 um-thick exhibits
a much larger reflection coefficient and performs a 5.5 dB
higher gain. In addition, they found that the angle between
the fabricated CNT alignment and the E-plane of the antenna
could also affect the final performance of the antenna: If the
alignment is fabricated orthogonally to the E-plane, there is
an over 8 dB gain reduction realized. Nevertheless, the per-
formance of CNT antennas is still slightly inferior compared
with copper microstrip antennas with the same structure even
though 5 um-thick CNT sheet has the best performance among
CNT antennas with different thicknesses. The 5 um-thick
CNT sheet antenna achieves 2.1 dBi total gain contrast with
5.6 dBi of copper patch antenna. Researchers inferred the
around 3.5 dBi reduction ascribed to the material restriction.

FIGURE 3. Schematic diagram of a Rectangular Double-Ring Nanoribbon
Graphene-Based Antenna. (a) Longitudinal section topology. (b) Top view
antenna structure. Reproduced from [76], Copyright 2019, with the
permission of IEEE.

CNFs (diameter 3–100 nm; length 0.1–1000 μm) are com-
posed of cylindrical or conical wrapped graphene layers [71].
Compared with carbon nanotubes, carbon nanofibers have
similar flexibility, stability, and conductivity. Moreover, due to
different shapes formed of the stacked graphene layers inside
CNFs, there are more edge sites created on the outer surface,
which improves the charge transport process in the structure
[72]. In the past few years, most research has applied CNFs
in the field of electrocatalysis [73], gas storage [74] and probe
tips [75]. The use of CNFs composite has been investigated
for building[76] antennas and RF circuit [52], [64] in recent
years. Lee, et al. [75] fabricate CNF films via electrospin-
ning technique and the result shows that relatively thick CNF
(∼430 μm) will perform an acceptable electric conductiv-
ity (ε = 6.30) and electric permittivity (σ = 0.75S/m) at 0.5
GHz, which makes it possible to use the composite of CNFs to
produce an antenna related device i.e., signal attenuator [77].

B. TWO-DIMENSIONAL CARBON-BASED MATERIAL
In terms of two-dimensional carbon-based material, the most
typical and basic type is graphene, which was discovered by
Novoselov et al. [78] in 2004 via the micro-mechanical cleav-
age method. Since it can be considered as a planar sheet of car-
bon atoms that bonded together by sp2 hybrids in a hexagonal
lattice [69], the properties of graphene can be fully described
by its surface conductivity σ , expressed by the Kubos for-
mula [79]. Considering the advantages of high conductivity,
low channel electrical resistance, and also high mobility [21],
graphene has been currently drawn exceptional attention ap-
plied for electromagnetic (EM) applications such as wireless
communication. Recently, several publications have focused
on the electric properties of graphene in the THz regime
[68]–[72] and utilized graphene as the antenna patch plane
material. For instance, in 2012, Llatser et al. [85] simulated a
simple graphene-based nano-patch antenna using a 5×0.5 μm
graphene patch plane.

As Fig. 3 shown, the patch plane is fabricated by means
of a pin feed technique, which locates on the different loca-
tions of a silicon substrate with a dimension of 6 × 6× 1
μm3. In this research, graphene-based patch plane antenna
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accomplishes a 0.5 THz resonant frequency and performs
nearly identical radiation pattern plots in accordance with the
equivalent metallic antenna, following with the theoretical
hypothesis that graphene-based patch antenna can resonate
in the THz band. In 2017, Azizi et al. [86] design a square
graphene-based radiating patch plane microstrip THz antenna
on a perfect electric conductor (PEC) ground plane with a
dimension of 119.54 × 151.5 × 15 μm3. By simulating a
planar patch plane with monoatomic graphene, this antenna
exhibits a −29 dB peak return loss and approximately 7.16
dB gain at a 0.7 THz resonant compared with −15 dB return
loss and 5.73 dB gain performance of copper patch antenna.

However, the THz microstrip antenna proposed to meet
either large in size or narrow bandwidth challenge [35]. In
addition to the previously mentioned use of slots on the sur-
face of the radiating patch plane, inside structure changes and
material selection of graphene-based microstrip patch anten-
nas are proposed in some studies. To increase the antenna
bandwidth and solve impedance mismatching and low optimal
efficiency problem, Nickpay et al. [76] designed a graphene-
based microstrip antenna with double-ring nanoribbon.

As Fig. 3(a) shown, this novel antenna uses silicon dioxide
(SiO2) as substrate and gold as ground plane which has a
dimension of 93 × 120 × 25 μm3 with a total thickness
of 3.4 nm graphene layers. The results show it can achieve
26% impedance bandwidth, 24 dB return loss, 44% average
radiation efficiency and 2.45 dB gain with a 1 THz center fre-
quency. In 2021, Shamim et al. [37] demonstrated that the per-
mittivity or dielectric constant of the substrate material also
directly affects the size and performance of the antenna. They
designed a rectangular graphene-based wideband microstrip
antenna using Arlon AD 1000 with 10.2 relative permittivity
and 0.0023 loss tangent as substrate, and copper as ground
plane material. The simulated antenna occupies a dimension
of 120 × 120 × 45 μm3, which offers a 37.50 % impedance
bandwidth with −59.67 dB return loss, 6.60 dB directivity and
1.007 VSWR at 0.72 THz resonant frequency.

C. THREE-DIMENSIONAL CARBON-BASED MATERIAL
Due to the limitation of size and fabricated technologies, few
researchers have applied three-dimensional carbon-based ma-
terial on fabricating antennas. However, trials on this type of
material performance in THz band regime are still ongoing.
Some typical types of three-dimensional carbon-based ma-
terial include carbon foam and 3D graphene structure. Car-
bon foam has attracted attention due to its unique porous
conductive network inside the structure, which contains valid
space for transmitting and absorbing electromagnetic wave
radiation. In 2017, Letellier et al. [87] measure the relation-
ship between the structural and electromagnetic properties of
different types of simulated carbon foams. The result shows
that carbon modelled cellular vitreous (CVC) foam can per-
form in a broad frequency extent from 20 Hz to 250 THz,
which confirms the possibility of using carbon foams at the
frequency of the THz regime. At present, most of the current
research applies the high absorption characteristics of carbon

FIGURE 4. (a) Expected schematic diagram of 3D graphene pillar array. (b)
CVD technique utilized for the growth of graphene samples. (c) Fabrication
process of graphene pillars on intrinsic silicon substrate. Reproduced from
[88], Copyright 2017, with the permission of IEEE.

foam to THz waves in the field of electromagnetic interference
shielding. In terms of the three-dimensional graphene mate-
rial, it has been proposed and applied to THz-related applica-
tions. Different from the typical 2D graphene plane model, 3D
graphene is configured into a complex pillars structure, which
not only retains the electrical advantages of graphene, but only
solves the restacking problems of 2D graphene. In 2016, Song
et al. [88] propose the transformation of graphene structure
from 2D to 3D and demonstrate that the structure change
excites the high order plasmonic modes which contributes to
overcome the interference occurring in flat graphene struc-
tures. One of expected structure models of 3D graphene is
presented in Fig. 4(a).

As shown in Fig 4(b), 3D graphene pillar array is fabri-
cated utilizing the chemical vapour dynamics technique by
growing controllable graphene films on prefabricated silicon
pillars, which firstly achieves a high order plasmonic mode
excitation inside graphene structure. These publication results
lay a foundation for the study for controlling THz radiation.
In 2020, Asgari et al. [89] proposed a three-dimensional
(3D) graphene intrinsically chiral meta-structure which can
be used for antenna-related biosensing applications. As shown
in Fig. 5(b), a thin cross-shaped graphene strips with an area
dimension of 20 × 5 μm2 and 0.335 nm thickness is deposited
on the alumina layer. The simulation results show that this
graphene chiral structure has a good performance under THz
waves of 1.48, 2.46 THz and as high as 0.96 THz refractive
index unit is obtained between 0.5–3.5 THz region. This struc-
ture design contributes the potential for utilizing this structure
design as a THz biosensor.

SUMMARY AND PROSPECTS
In this paper, the applications of multi-dimensional carbon-
based materials on THz and sub-THz microstrip antennas are
discussed. It is obvious and undeniable that carbon nanotubes
and graphene have become the main research objects on build-
ing microstrip antennas and testing their performance. Among
these carbon-based materials, several challenges and efforts
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FIGURE 5. Schematics of the (a) periodic, (b) unit cell of the bi-layer 3D
THz graphene chiral structure; the electric field distributions of the
proposed structure at (c) 1.48 THz, (d) 2.46 THz. Reproduced from [89],
Copyright 2020, with the permission of IEEE.

have been proposed during the research. First of all, narrow
impedance bandwidth is the most common problem met in
recent THz antenna research [89]. Although various-shaped
slots have been proposed and applied to solve this problem
and improve the antenna’s directivity and gain, the mismatch
loss between the substrate plane and the radiation plane still
exists [36]. Secondly, controlling the size of the microstrip
antenna is another existing challenge [90]. Several trials in-
cluding adding additional materials such as polymers [91]
or forming carbon bundles [67] via mixing different carbon
materials have been investigated to increase the unit density
of radiating planes. However, the interaction inside the plane
may influence the original carbon-based structure i.e., flat to
curved, and therefore have an indirect impact on conductivity
and permittivity parameters. Thirdly, the intrinsic characteris-
tics of carbon-based material also limit the performance of de-
signed microstrip antennas. For instance, restacking problems
of graphene [92] planes will directly affect the planar conduc-
tivity of the antenna, which increases the power dissipation
and eventually reduces the antenna efficiency. Summarily,
future development should target for microfabricate a com-
pact wide-band carbon-based THz microstrip antenna with
high radiation efficiency, low impedance, high gain Further
prospective includes designing new shaped slots, selecting
more suitable substrate plane materials, and introducing novel
composites or bundles.

As for our group previous work towards Terahertz spec-
tral region, photo thermoelectric (PTE) detectors have been
deeply researched. In 2018, Zhang [93] applied poly-
(vinyl alcohol) (PVA) and CNTs nanocomposites and de-
signed a wearable device according to the PTE effect. As

FIGURE 6. Schematics of (a) the PTE detector (the upper two columns are
the Al/Ti electrodes and the below plat is the PVA/CNTs thin film). (b)
Physical photos of the flexible PVA/CNT thin fims. (c) Fingers placement.
(d) Thermal imaging result. Reproduced from [93], Copyright 2018.

Fig. 6(a) shown, this device is fabricated by bonding a
PVA/CNT composite thin film on the surface of two alu-
minum plates and using Al/Ti columns as electrodes. The
results demonstrate that 30 wt% CNT contained device
performs a 1.6×106cm Hz1/2 W −1 with a 3.5 mm bend-
ing radius, and 60 wt% CNT contained device performs a
4.9×106 cm Hz1/2 W−1 with a 15 mm bending radius. Be-
sides, he morphology of fingers (shown in Fig. 6(c), (d)) and
obtained a clear imaging figure. The performance of PVA
/CNTs composites-based PTE detector provides a great po-
tential for utilizing it in the field of wearable flexible health
monitoring devices i.e., cancer imaging.
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