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ABSTRACT The advent of graphene has opened new avenues for the design of high-performance
metamaterial devices, particularly in the realm of electromagnetic absorption applications. This paper
introduces a novel design for a broadband tunable graphene metamaterial absorber (GMMA) utilizing
graphene. Through numerical simulations, our proposed GMMA demonstrates an absorption bandwidth
of 3 THz (1.14 – 4.14 THz) with absorptivity exceeding 90% for both transverse magnetic (TM) and
transverse electric (TE) modes. A comprehensive numerical analysis, using a transmission line equivalent
circuit model, has been proposed to find out the impedance components of all the corresponding layers,
which can be significant to determine the impedance matching. The absorber exhibits wideband tunability,
polarization insensitivity, and robust tolerance to structural variations, making it a promising candidate for
diverse applications in the terahertz (THz) band especially in the antenna regime. Our proposed GMMA
antenna can achieve a gain of 37.48 dB, a directivity of 32.81 dB, a return loss of -34 dB, and an efficiency
of 99.96%. This research provides a valuable contribution to the development of tunable broadband GMMAs
for THz frequencies, addressing the increasing demand for high-speed and efficient devices in the modern
era of science and technology.

INDEX TERMS Graphene-metamaterial absorber, terahertz antenna, absorptivity, bandwidth, gain,
directivity, efficiency.

I. INTRODUCTION
Metamaterials (MMs) are materials that are artificially
designed to have special properties [1], [2]. The term
‘‘metamaterials’’, coined by Walser in 2001, refers to a class
of materials that exhibit exceptional properties beyond those
of their conventional equivalents [3]. MMs can take the
form of regularly built macroscopic composites in two or
three dimensions that exhibit unique features ranging from
microwave to optical frequencies. MM research extends its
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influence across diverse domains such as electromagnetics,
optics, optoelectronics, and solid-state physics. The inception
of significant breakthroughs in MM studies traces back to
1968 when Veselago pioneered the concept of materials
exhibiting a negative refractive index (NRI) characterized
by ε, µ < 0 [4]. With the continuous evolution of MMs,
a rich array of innovative MMs has undergone exploration,
including water-based MM [5], graphene-based MM [6],
VO2-based MM [7], perovskite-coated MM [8], and so
on. This symphony of MM diversity has given rise to a
captivating ensemble of applications, encompassing not only
modulators [9] and sensors [10] but also venturing into the

48654

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 12, 2024

https://orcid.org/0000-0002-0115-4410
https://orcid.org/0000-0001-9281-9088
https://orcid.org/0000-0001-9004-6237
https://orcid.org/0000-0001-9000-4133


R. Rahad et al.: Graphene-MM Based Tunable Broadband Polarization Insensitive Absorber

realm of absorbers. For example, Baqir et al. investigated a
hyperbolic metamaterial (HMM)-based optical biosensor for
early-stage cancer detection [11].

To achieve absorbers that are simple and compact,
the research focus shifted to metamaterial-based absorbers
(MMAs). MMAs have thin layers and low density, and
they can absorb a high amount of incident electromagnetic
(EM) wave. MMAs can trap the EM wave at some specific
points in the device and then convert the EM into heat [12].
The inverse Doppler effect, negative refractive index, perfect
lensing, left-handed behavior, EMwave cloaking, and perfect
absorption are some of these characteristics that are lacking
in conventional materials [12], [13], [14], [15]. MMAs have
their origins in the seminal work of Landy et al., which
highlighted their compact size and thin thickness relative
to traditional absorbers [16]. Since then, several improved
absorber designs have been developed, but producing a
multiband MMA with high efficiency is still a difficult task,
and unstable absorption conditions are a common occurrence.
A thorough analysis of the literature reveals recurring
problems that call for a methodical approach to designing
an ideal MMA. These problems include increasing the
number of absorption bands, improving working conditions,
creating polarization-tunable absorbers, and choosing the
best materials for real-world applications [12].

MMAs, as avant-garde MM entities, have attracted
widespread attention for their expansive utility. These novel
devices transcend traditional boundaries, finding applica-
tions as sophisticated sensors [17], integral components of
cutting-edge detection systems [18], and keystones in the
architecture of high-resolution imaging devices [19]. The
exploration and validation of MMs, coupled with the uti-
lization of THz spectroscopy, have emerged as a burgeoning
focal point in contemporary research [20]. For the inherent
challenge of identifying efficient absorption materials in
the THz spectrum from nature, the strategic design of THz
MMAs becomes particularly pivotal. Over recent years,
an abundance of studies has surfaced, detailing MMAs that
find application in EM stealth, detection, modulation, imag-
ing and so on [21]. THz waves, constituting a segment within
the EM spectrum, present a practical challenge for direct
accessibility, requiring measurement through the periodic
properties of either wavelength or energy. Significantly, the
penetration depth of THz radiation falls between that of
microwaves and infraredwaves. However, their limited utility
in telecommunications arises due to their absorption by water
vapor in the earth’s atmosphere. Despite this limitation, THz
waves have become a focal point of interest for researchers
and scientists in recent years. One noteworthy advantage is
the non-ionizing nature of THzwaves, a phenomenon that has
contributed to their appeal in various research and scientific
pursuits [4]. Notably, approaches to achieving tunableMMAs
encompass a spectrum of methods, ranging from mechan-
ical adjustments, and laser interventions to temperature
manipulation, and voltage modulation [22]. THz absorbers

hold a significant position within the realms of emitters,
sensors, photodetectors, and photovoltaic applications [23].
The evolution of MMA design, elucidated by Landy et al.,
has paved the way for an innovative approach that seamlessly
extends from microwaves to the intricate domains of THz
and visible light [24]. Cai et al. proposed dynamically
controlling THz wave-fronts by rotating layers in a cascaded
meta-device, showcasing proof-of-concept devices [25].
This pioneering method has sparked considerable interest,
capturing the attention of researchers and enthusiasts alike,
thereby catalyzing an intensified focus on the meticulous
design of THz absorbers.

In the realm of material science, the relentless pursuit
of advancements has spotlighted graphene, a material dis-
tinguished by its extraordinary mechanical, electrical, and
optical properties. In the current landscape of scientific
exploration, an innovative technique has emerged, centered
around the utilization of graphene in conjunction with an
external bias voltage to strategically fine-tune the absorption
characteristics of THz MMAs [22]. This single-layer, two-
dimensional array of carbon atoms arranged in a hexagonal
lattice has emerged as a pivotal player in the design of
nano-devices with unprecedented efficiencies. Geim and his
group’s seminal discovery of graphene in 2004 opened new
avenues, particularly in the exploration of two-dimensional
thin film materials [26]. Graphene’s prowess extends beyond
its mechanical and electrical attributes; it proves to be an
ideal 2D medium capable of supporting surface plasmons
(SPs) in the infrared and THz regions. This unique quality
facilitates robust sub-wavelength confinement of EM fields,
positioning graphene as a suitable medium for the creation of
MMA that achieve perfect absorption in the infrared and THz
domains [27]. Moreover, graphene’s versatility comes to the
forefront in optical and THz systems, where its conductivity
can be dynamically controlled by external DC-bias voltage.
This characteristic not only enhances performance but
also allows for a reduction in device dimensions [28].
Zhong et al. explored laser-induced graphene (LIG) for
creating superhydrophobic structures with applications in
deicing and anti-icing [29]. Baqir et al. examined filtering
aspects of a graphene bilayer-coated substrate with embedded
nanorods, revealing high transmission and stop bands for spe-
cific frequencies [30]. The autonomous absorption process
of graphene, coupled with the phenomenon of destruc-
tive interference, contributes to absorption levels nearing
unity.

Hence, the exploration of fewer-layer MMAs featuring a
two-dimensional periodic array of patterned graphene has
emerged as a pivotal research focus for achieving optimal
absorption, wide bandwidth, and remarkable tunability [31].
Notably, Huang et al. introduced a broadband MMA
employing a graphene sheet with a specific pattern, achieving
absorption exceeding 90% at 1.57 THz [32] Liao et al.
proposed a ultra-broadband absorber with a bandwidth range
of 0.75-1.73 THz over 90% absorption [33]. Li et al.
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demonstrated a metasurface that exhibited a absorptivity
of over 90% in the range of 0.67 THz-0.95 THz [34].
Lu et al. took a different approach by patterning graphene
into a discrete periodic structure to attain wide bandwidth
absorption [31]. Pan et al. demonstrated another THz meta-
material rasorber (MSR) obtained absorption (over 0.88%)
at 1.46–2.29 THz [35]. Pan et al. proposed another MSR
with bandwidth range of 2–3.08 THz (42.5%) [36]. Ma et al.
proposed the ultra-wideband absorption and the transmission
window in the absorption band [37]. The research landscape
in the THz regime has witnessed the proposition of numerous
patterned graphene-based MA structures designed for both
narrowband and broadband absorption [31], [32], [38].
Despite these strides, it is emphasized in the passage that
the pursuit of bandwidth enhancement for MMAs, especially
those incorporating graphene, is still at a nascent stage of
exploration.

In this paper, a graphene-structured metamaterial absorber
(GMMA) is introduced, and a broadband spectrum with
a bandwidth of 3 THz is achieved over 90% efficiency,
spanning from 1.14 THz to 4.14 THz. We propose a precise
equivalent circuit model, offering a seamless integration
into simulation programs for comprehensive analysis within
integrated circuit frameworks. This methodology enables
the fine-tuning and broadening of the frequency range of
the efficient response through the manipulation of graphene
gate voltage, showcasing the adaptability and versatility of
GMMAs. The study explores the utilization of GMMA to
optimize THz EM wave capture and transmission. By over-
coming challenges through graphene’s unique properties,
the GMMA antenna demonstrates enhanced performance
in terms of gain, directivity, return loss, and efficiency for
efficient THz communication.

II. STRUCTURAL DESIGN AND METHODOLOGY
In Fig. 1(a), the top view of GMMA’s unit cell is depicted,
while Fig. 1(b) presents the three-dimensional structure of
the proposed GMMA (The evolution of GMMA structure and
optimization is illustrated in supplemental 1). The absorber
comprises two distinct layers: the upper layer features a
graphene pattern, and the lower layer is composed of a
dielectric layer made of SiO2, which exhibits a relative
permittivity (ε) of 2.25 with negligible loss [39]. The
refractive index of SiO2 in the 1 THz to 10 THz range
varies from about 1.44 to 1.55, depending on the wavelength
and the temperature. These values may vary depending
on the purity and crystallinity of the SiO2 sample. SiO2,
which exerts minimal impact on the performance of the
absorber, is employed as the substrate to provide support
for the absorber. SiO2 can minimize circuit capacitance and
dielectric losses, which enhances signal quality and transmis-
sion speed. It also resists moisture absorption and has high
thermal stability, protecting the electrical performance from
variations in humidity and temperature [40]. Additionally,
it exhibits minimal dielectric dispersion, meaning that its
dielectric constant remains relatively constant at various

frequencies [41]. The thickness of the SiO2 and graphene
layers is denoted by ts and tg, respectively, as illustrated in
Fig. 1(d). The optimal unit cell size of GMMA is Pµm ×

Pµm (where P = 4.5µm).
The working principle of our proposed absorber is based

on the impedance matching and destructive interference
conditions [42]. Impedance matching means that the input
impedance of the metasurface is equal to the characteristic
impedance of the medium, which ensures that there is no
reflection of the incident wave. Destructive interference
means that the transmitted wave from the metasurface is
canceled out by the reflected wave from the ground plane,
which ensures that there is no transmission of the incident
wave. Therefore, the incident wave is fully absorbed by
the metasurface and converted into other forms of energy,
such as heat or electricity [42]. In the presence of light, the
entirety depicted in Fig. 1(a) operates collectively, triggering
the excitation, and yielding a photoconductor that mimics the
characteristics of an absorber. In absorption mode, when
the conductivity rises and the surface pattern matches free
space impedance, incoming EMplane waves generate current
within the device. The generated current results from two
components along the u and v axes, derived by a 45◦

counterclockwise rotation of the x and y axes. Due to distinct
geometric characteristics in the u and v directions, the pattern
exhibits varied impedance to EM waves. For TE case, the
incident wave Ein along the y-axis can be expressed as Eq. 1.

Ein = Eyiy = Euiu + Eviv (1)

The reflected wave Er can be expressed as Eq. 2 from
Fig. 1 (c) [33].

Er =
(
iu iv

) (
ruu ruv
rvu rvv

) (
Eu
Ev

)
(2)

The co-polarized reflection coefficients ruu and rvv can be
expressed as Eqs. 3 and 4.

ruu = |ruu|ejφu (3)

rvv = |rvv|ejφv (4)

In this way, the modified Eq. 2 will be:

Er = iuruuEu + ivrvvEv = Ey cos(45◦)(iuruu + ivrvv) (5)

If |ruu| = |rvv| and 1φ = φv − φu = π + 2kπ, k ∈ Z
can be satisfied, then Eq. 2 can be more simplified, and the
polarization conversion (PC) can be achieved [33].

Er = Ey cos(45◦)ejφu (iu + ivej1φ)|ruu| = ix |ruu|ejφuEy (6)

The PC rate can be expressed expressed by the following
Eq. 7 [33], [34]:

PCR =
r2xy

r2xy + r2yy
(7)

Here, rxy and ryy can be expressed as Eq. 8 and Eq. 9
respectively:

rxy =
|Exr |
|Eyi|

(8)
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FIGURE 1. (a) Top view of the unit cell, (b) Isometric view of the unit cell with TM and TA waves, (c) Unit cell with incident and reflected
polarized EM wave. and (d) Side view of the unit cell (SiO2 = ‘green layer’ and Graphene = ‘yellow layer’).

ryy =
|Eyr |
|Eyi|

(9)

Here, Eyi denotes the Ein with polarization in the y-direction,
while Eyr and Exr represent the Er in the y- and x-directions,
respectively. Hence, the reflectivity (R) can be expressed by
the following equation:

R = |rxy|2 + |ryy|2 (10)

Therefore, the absorptance can be calculated using the
following equations [34]:

A = 1−R−T (11)

Here, the consideration of transmittance in the absorption
calculation was omitted due to the inhibitory effect of
the substrate of the absorber. The inhibitory effect of the
substrate of the absorber means that the substrate prevents
or reduces the transmission of EM waves through the
absorber [43]. Therefore, the simplified absorptance formula
can be expressed by the following equation [34]:

A = 1−R = 1 − |rxy|2 − |ryy|2 (12)

Absorption is the process of converting EM energy into heat
or other forms of energy within a material. One way to
describe absorption is in terms of surface current densities,
which are the currents flowing on the surface of a material.
Surface current densities can be induced by an incident
EM wave, and they produce a secondary EM wave that
interferes with the incident wave. The interference can
result in reflection, transmission, or absorption of the wave,
depending on the properties of the material and the angle

of incidence. The amount of absorption can be calculated
by using the Poynting vector, which represents the power
flow of an EM wave. The Poynting vector is given by
S = E × H, where E is the electric field and H is the
magnetic field. The absorption per unit area is then given
by A = −

1
2Re(K

∗
· E), where K is the surface current

density and Re denotes the real part. This formula shows
that the absorption depends on the magnitude and phase of
the surface current density relative to the electric field of the
incident wave. To accurately model the EM behavior, open
boundary conditions were implemented along the z-direction,
ensuring that the simulation space extends infinitely in that
direction. Meanwhile, periodic boundary conditions were
employed along the x and y directions, facilitating a periodic
repetition of the simulation unit in those dimensions. These
choices in boundary conditions contribute to a comprehensive
representation of the EM interactions within the simulated
environment, enhancing the accuracy of the results obtained
through the simulation. This research delves into the intricate
dynamics of TE waves in the context of EM interactions.
TE waves, characterized by their perpendicular orientation to
the propagation direction, play a crucial role in the study. The
investigation focuses on the x-z incident plane, with specific
attention to the azimuthal angle φ, set at 0◦, defining the
orientation of the incident TE wave within the x-y plane.
The permittivity of graphene (εg) can be expressed by the
following equation [44]:

εg = 1 + j
σ (ω)
ε0ωtg

(13)
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where, ω represents the angular frequency, tg denotes the
thickness of graphene layer, and ε0 stands for the permittivity
in a vacuum environment. The surface conductivity of
graphene, denoted as σ (ω), is typically a combination of
intra-band conductivity and inter-band conductivity. In the
THz to optical frequency range, the complex surface
conductivity σ (ω) of graphene can be characterized by Kubo
formula [45]:

σ (ω, µc, 0,T )

= σintra(ω, µc, 0,T ) + σinter(ω, µc, 0,T )

= −
ie2kBT

π h̄2

[
1

(ω + i20)2

∫
∞

0
dϵ

(
δnF (ϵ)

δϵ
−

δnF (−ϵ)
δϵ

)
ϵ

]

−
ie2kBT

π h̄2

∫
∞

0
dϵ

nF (−ϵ) − nF (ϵ)

(ω + i20)2 − 4
(

ϵ
h̄

)2
 (14)

where, σintra and σinter respectively stand for intra-band
and inter-band conductivities, signifying the conductivity
within a specific energy band and between different energy
bands. The symbol e represents the elementary charge of
an electron, while h̄ denotes the reduced Planck’s constant
in quantum mechanics, ϵ refers to the energy of the charge
carriers, typically electrons, kB is Boltzmann constant and
ω represents the radian frequency in wave-related contexts.
Additionally, 0 = 5meV signifies the charged particle
scattering rate, indicating the rate at which charged particles
experience scattering, with a specific value of 5 meV, the
temperature T = 300K is specified as room temperature
in Kelvin [45], [46] and nF is the Fermi-Dirac distribution
function,

nF (ϵ) =
1

1 + exp
(
kBT (ϵ−µc)

kBT

) (15)

where µc denotes the chemical potential of graphene. This
equation describes the probability of finding a fermion with
energy ϵ in a system at temperature T , taking into account
the chemical potential µc and the Boltzmann constant kB.
In equation 14, the approximate value of σintra and σinter can
be calculated analytically by the following equations [46],
[47]:

σintra(ω, µc, 0,T )

≈ i
e2kBT

π h̄(ω + i20)

[
µc

kBT
+ 2 ln

(
e−

µc
kBT + 1

)]
(16)

σinter(ω, µc, 0,T )

≈ i
e2

4π h̄
ln

[
2|µc| − (ω + i20)h̄
2|µc| + (ω + i20)h̄

]
(17)

Equation (17) holds true when kBT is significantly smaller
than both |µc| and h̄ω. When graphene is subject to an
external load with a controlled voltage VA, its chemical
potential µc can be approximated using the subsequent
formula,

|µc| ≈ h̄vF (πa0|VA − VDirac|)1/2 (18)

where the Fermi velocity of the Dirac fermions is approxi-
mately vF = 9 × 105m/s, the constant determined using a
single capacitor model is a0 ≈ 9 × 1016m−2V−1, and the
Dirac voltage offset induced by natural doping is VDirac =

0.8V [46], [47]. The dielectric constant for different values
of chemical potential (0.2 eV – 0.7 eV) has been illustrated
in Fig. 2.

FIGURE 2. Dielectric constant for different values of chemical potential of
the proposed GMMA.

In the THz band, the intra-band conductivity prevails when
the photon energy, h̄ω, is much smaller than twice the Fermi
energy (2Ef ). In accordance with Pauli’s exclusion principle,
the inter-band conductivity can be neglected under these
conditions [47], leading to the modified equation:

σinter(ω, µc, 0,T ) ≈ σintra(ω, µc, 0,T ) (19)

The relationship between carrier density and the conduc-
tivity of graphene can be articulated as follows [48]:

ns = 2
π h̄2

e2

∫
∞

0
ε[f (ε) − f (ε + 2µc)]dε (20)

The surface impedance (Zg) of graphene is expressed as
follows [49]:

Zg =
1
σg

(21)

where σg is the surface conductivity of the graphene.

FIGURE 3. Results from numerical calculations depict the (a) real part
and (b) imaginary part of the surface impedance of graphene.

We used numerical calculations to calculate the real
and imaginary components of the surface impedance of
the graphene throughout the examined frequency range,
as shown in Fig. 3, while taking into account a predetermined
relaxation period and temperature. For our case, graphene’s
chemical potential coincides with a decrease in both the real
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and imaginary components of surface impedance. Notably,
the real component remains constant as frequency increases,
but the imaginary component consistently rises as frequency
increases. It is critical to emphasize the significant changes
in the surface impedance of the graphene layer for different
values of µc. Manipulation is possible by modifying the
gate voltage, which influences the surface impedance of
the patterned graphene and, as a result, the performance of the
proposed GMMA. As a result, graphene appears as a suitable
material for fabricating THz devices due to its extraordinary
tunability. The comprehensive absorbance characteristics of
the suggested structure can be elucidated through the effective
medium theory [50]. Illustrated in Fig. 4, we explored the real
and imaginary components of the effective impedance of the
proposed MA within the investigated frequency range using
the equation [51]:

z =

√
(1 + S11)2 − S21
(1 − S11)2 − S21

=
1 + S11
1 − S11

(22)

Here, S11 and S21 represent the S-parameters derived from
simulations. In the broad frequency span of 1.14-4.14 THz,
the real and imaginary segments of the effective impedance
shown in Fig. 4. This outcome signifies outstanding
impedance matching between the proposed MA and free
space. Consequently, near-perfect absorption of the proposed
MA is attained within this frequency band [52].

FIGURE 4. Real and imaginary part of the effective impedance of the
proposed GMMA.

The propagation constant of the EM wave in a
graphene-vacuum configuration is [53]:

β =
k0√

1 −

(
2
Z0σ

)2 (23)

where k0 represents the wave vector of the incident wave,
while Z0 denotes the vacuum impedance.

III. EQUIVALENT CIRCUIT MODEL OF GMMA
The theoretical framework for the proposed structure is elu-
cidated through the transmission line perspective, delineated
in the context of its equivalent circuit [4], [54]. According
to Fig. 5(a), the GMMA’s equivalent circuit is divided into

FIGURE 5. (a) Equivalent circuit model of the GMMA, (b) equivalent
hypothetical 2-ports network system.

three separate impedance sections. The process begins in
free space, which refers to the air, and is defined by an
intrinsic impedance denoted as Z0 ≈ 377� [55]. This
intrinsic impedance arises due to the propagation of THz
waves that originate in the air. As the waves progress, their
path intersects with the graphene impedance Zg(f ). This
interaction results in the manifestation of an RLC (resistor-
inductor-capacitor) resonator within the equivalent circuit.
In essence, the characteristics of the graphene impedance
become apparent as the waves engage with it, shaping the
behavior of the overall circuit. Afterward, the impedance of
the dielectric spacer, functioning like a short transmission
line, is denoted as Zd , contingent upon the permittivity
of the dielectric material SiO2. The characterization of
graphene layers as a parallel element stems from their
extremely thin thickness relative to THz wavelengths. The
noteworthy aspect here is that the graphene layers are so
thin that they can be conceptualized as parallel structures
in relation to the longer THz wavelengths [56], [57], [58],
[59]. By referring to Fig. 5(a), it is possible to determine
an equivalent impedance to the dielectric spacer based on
the specific dielectric chosen for our structure. Furthermore,
considering the resonance characteristics of graphene at a
particular frequency, it becomes possible to incorporate a
branch into the diagram that symbolizes the presence of the
RLC layer. The following equations provide the values for all
impedances shown in Fig. 5(a) [4]:

Zg(f ) = Rg(f ) + jXg(f )

= Rg(f ) + j
(
2π fLg −

1
2π fCg

)
,Zg(f ) =

1
σg(f )

(24)

Z1(f ) = jZd tan(T1kd ) (25)

kd (f ) = 2π f
√

ϵ0ϵdµ0 (26)

Zd =

√
µ0

ϵ0ϵd
(27)

here, Z1(f ) represents the input surface impedance and
kd (f ) is the wave number. The electrical length of the
structure, denoted as T1kd , is equivalent to 0.7192 radians,
progressing from the short circuit to the source. In the
configuration depicted in Fig. 5(a), Zin1(f ) is contingent upon
the impedance of graphene (Zg(f )) and the dielectric spacer,
characterized as a short transmission line, as well as the
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impedances associated with free space (Zd ,Z0).

Z1(f ) = Zd
Z0 + jZd tan(T1kd)
Zd + jZ0 tan(T1kd)

(28)

The calculation of Zin(f ) involves matrix expressions:[
P1 Q1
R1 S1

]
= αβγ (29)

where,

α =

[
1 0
1

Zg(f )
1

]
, β =

[
cos(T1kd ) jZd sin(T1kd )
j sin(T1kd ) Zd cos(T1kd )

]
,

γ =

[
cos(FSEL) jZ0 sin(FSEL)
j sin(FSEL)

Z0
cos(FSEL)

]
(30)

Here, α represents the transmission matrix of the graphene
layer, β denotes the transmission matrix of the SiO2 layer,
and γ signifies the transmission matrix of free space.
The relationship between the scattering matrix and the
transmission matrix can be illustrated by Equation (31), as
shown at the bottom of the next page. Here, the free space
electrical length, symbolized by ‘FSEL’, serves as a measure
of the distance traveled by a signal within the free space
medium. It characterizes the phase shift experienced by the
signal as it propagates through the open space, providing
insight into the spatial aspect of the EM wave’s journey in
a vacuum or unobstructed environment.

Transmission matrix formulas can be employed, and in this
method, we describe the ABCD matrix by customizing it for
the hypothetical 2-port network. This detailed formulation
considers how voltages and currents interact in the network,
offering a more nuanced description of its behavior. Conse-
quently, the following relation can be established [60]:[

V1
I1

]
=

[
P1 Q1
R1 S1

] [
V2
I2

]
(32)

Equations (32) allow us to extract the P1,Q1,R1, and S1 as
functions of impedances using the aforementioned relation.
We first calculate the transmission matrix equations for the
configuration shown in Fig. 5(a) and then use equation (31)
to establish the relationship between the transmission matrix
and scattering matrix. Finally, we formulate the scattering
equation as a function of P1,Q1,R1, S1, and Z0. This
stage entails a thorough analysis of the system’s response
to changing parameters, capturing the complex interaction
between the scattering and transmission properties.We next
apply this analytical method to a theoretical 2-port network
and use it to obtain the impedance matrix [61], [62]. In doing
so, Z11,Z12,Z21, and Z22 are used to describe P1,Q1,R1, and
S1 in terms that offer a more comprehensive and adaptable
depiction of the network’s behavior. A greater comprehension
of the ways in which the many impedance components
contribute to the overall dynamics of the system is made
possible by the theoretical foundation of this transformation.
To estimate P1 and R1 in the particular case shown in
Fig. 5(a), where the load impedance ZL is set to Z0 ≈ 377�,

we use equations (34). Furthermore, we use equation (35) to
compute Zin1 for this specific example, providing information
on the input impedance under the specified circumstances.
This meticulous analysis sets the stage for the subsequent
application of equation (29), enabling the determination of
the values of P1,Q1,R1, and S1 with a high degree of
precision. Moving forward, Fig. 5(b) introduces a 2-port
system, and we embark on calculating the transmission
matrix in terms of impedance. This step, guided by a
systematic approach, elucidates the intricate relationship
between the impedance parameters and the transmission
characteristics of the system, enhancing our understanding of
its behavior in diverse scenarios.

P1 =
Z11
Z22

, Q1 =
Z11Z22 − Z12Z21

Z21
,

R1 =
1
Z21

, S1 =
Z22
Z21

(33)

The Zin from the schematic is generally expressed in terms
of the transmission matrix as Zin =

P1ZL+Q1
R1ZL+S1

. The elements
can be derived from the equation are as follows [4]:

P1 =
Z11
Z21

= 1, R1 =
1
Z21

=
1

Zg(f )
(34)

Hence, the calculation of Zin is performed as follows:

Zin =
P1Z0 + Q1

R1Z0 + S1
=
P1
R1

= Zg(f ) (35)

These values can also be determined using equation (29).
Therefore, in accordance with the subsequent relationships:[

P1 Q1
R1 S1

]
=

[
P2 Q2

P2
Zg

+ R2
Q2
Zg

+ S2

]
(36)

where:

P2 = cos(T1kd ) cos(FESL) −
Zd sin(T1kd ) sin(FESL)

Z0
,

Q2 = j cos(T1kd )Z0 sin(FESL) + jZd sin(T1kd ) cos(FESL),

R2 =
j sin(T1kd ) cos(FESL)

Zd
−
j sin(FESL) cos(T1kd )

Z0
,

S2 = cos(T1kd ) cos(FESL) −
Z0 sin(T1kd ) sin(FESL)

Zd
.

(37)

This approach allows for the determination of Zin within the
equivalent circuit model. In cases of impedance matching, Zin
equals Z0, signifying minimal signal reflection [63], [64].

IV. PARAMETER OPTIMIZATION AND ROBUSTNESS
ASSESSMENT
To understand the potential impact of different parameter
deviations on the performance of the GMMA,we conducted a
simulation-based comprehensive assessment of the structural
parameters of the proposed GMMA architecture shown
in Fig. 1. The simulation process involved varying key
parameters, includingQ (ranging from 3 to 4µm), ts (ranging
from 0.1 to 0.5 µm), r (ranging from 0.4 to 0.6 µm),
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and b (ranging from 0.65 to 0.80 µm), to comprehensively
explore the bandwidth deviations. The absorption spectra
corresponding to variations in different parameters are
depicted in Fig. 6 (a-d). In this context, we selected optimized
parameters, emphasizing a balance between bandwidth and
absorption for our GMMA structure. The optimized values

FIGURE 6. Analyzing the absorption spectrum of the suggested GMMA
with varying structural parameter.

for GMMA are as follows: Q = 3.75µm, a = 0.5µm,
b = 0.75µm, r = 0.5µm, tg = 10 nm, and ts =

0.2µm. The parameter (a) has negligible effect on the
absorptivity spectra. During the intricate fabrication process
of MMs, it is inevitable that certain inaccuracies may arise
due to the inherent limitations of the fabrication technology
employed [52].
This scrutiny involved an examination of the changes

in the bandwidth across various parameter configurations,
as detailed in Table 1. To quantify these changes, we utilized
the formula:

Bdeviation =

(
Bvariable − Bbased

Bbased

)
× 100%. (38)

Here, Bbased represents the bandwidth associated with the
optimized parameters from the simulation, Bvariable denotes
the bandwidth corresponding to various parameter vari-
ations from the simulation, and Bdeviation quantifies the
percentage deviation between the optimized and simulated
bandwidths. This meticulous analysis ensures that the
proposed GMMA design maintains robustness in the face
of potential fabrication discrepancies, providing valuable
insights into the stability and performance resilience of the
MM under real-world fabrication conditions. Within the
designated ranges of structural parameters, the proposed

MMA consistently demonstrates a bandwidth deviation
lower than 10%, indicative of its excellent character-
istics in the experimental implementation and empha-
sizing the robustness of its performance across varied
conditions [4].

TABLE 1. Comprehensive Study of Bandwidth Deviations in the Proposed
GMMA under Different Structural Parameters: Noting Reduction (-) and
Increase (+) Signs, and Absorption Efficiency Variation.

V. RESULT AND DISCUSSION
We extensively investigated the dynamic tunability inherent
in our proposed GMMA, with the results visualized in
Fig. 7(a). By adjusting the chemical potential of the
patterned graphene within the range of 0 eV to 0.8 eV,
we successfully induced a dynamic shift in the operational
characteristics of the structure. This transition seamlessly
alternates between absorption and reflection across the entire
frequency spectrum and this visual representation depicts the
noticeable augmentation in the absorptivity of our designed
structure as the chemical potential of the graphene increases.
Additionally, the inset in Fig. 7(a) discloses that within
the chemical potential range of 0.4 eV to 0.8 eV, the
proposed structure consistently maintains absorptivity levels
above 90% across a wide bandwidth. For the range where
graphene’s chemical potential is greater than or equal to
0.4 eV, the proposed structure is still broadband but exhibits a
lower absorptivity. More specifically, the absorptivity of the
suggested structure is only 60% when no voltage is supplied
to the graphene layer. The adaptable nature of graphene’s
dynamic tunability empowers the proposed structure to
flexibly transition between functioning as an absorber or
reflector, offering versatile applications such as electro-optic
switches and modulators [52].

This study also delves into exploring the impact of the
relaxation time (τ ) on the graphene layer, a crucial factor

[
s11 s12
s21 s22

]
=

1
P1Z0 + Q1 + (R1Z0 + S1)Zin

[
P1Z0 + Q1 − (R1Z0 + S1)Zin 2

√
ZinZ0

2
√
ZinZ0 −P1Z0 + Q1 − (R1Z0 − S1)Zin

]
(31)
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FIGURE 7. Variation in Absorption Spectra: Impact of (a) Various
Graphene Chemical Potentials (µc ) (0-0.8 eV), and (b) Relaxation Time (τ )
on the Designed GMMA Structure.

FIGURE 8. (a) Absorptance spectra for TM and TE mode, and (b) Effect of
incident angle.

influencing graphene quality [65]. In Fig. 7 (b), we observe
a subtle narrowing of the proposed GMMA’s bandwidth as
τ changes from 0.5 × 10−13 s to 1.5 × 10−13 s, with a step
size of 0.25×10−13 s. Remarkably, absorptivity consistently
exceeds 90% across the entire broadband region in this
range. Conversely, an increase in τ results in a reduction
in absorptivity at the middle, while the bandwidth remains
broad, though with slightly lower absorptivity. Though for
τ = 0.5e−13, we get a better absorptivity, but bandwidth
is decreased by 0.4 THz. Noteworthy is our decision,
based on simulation results, to use τ = 1e−13 because a
balance between absorptivity and bandwidth is obtained. It’s
essential to highlight that variations in τ minimally affect the
proposed broadband GMMA’s performance, underscoring
its resilience to potential fabrication imperfections in the
graphene film [52]. In both TE and TM modes, absorptivity
exceeds 90%, with the bandwidth slightly higher in the
TE mode, as illustrated in Fig. 8 (a). For various incident
angles (θ), the absorptivity consistently surpasses 90%,
demonstrating the polarization independence of GMMA,
as depicted in Fig. 8(b). For θ = 45◦, we get the maximum
absorptivity and bandwidth. The final absorptance and
reflectance spectra are shown in Fig. 9. The bandwidth of the
absorptance spectra is around 3 THz (1.14 THz to 4.14 THz),
in which absorptivity is over 90%. With absorption values of
99.96% and 98.37% at 1.5 THz and 3.7 THz, respectively,
the suggested GMMA shows two distinct absorption peaks.
Additionally, we checked the benefits of our GMMA by
comparing it with other graphene-based THz absorbers in
Table 2. Our GMMA is designed with a single layer and has
a unit cell size of 4.5×4.5µm2. It’s easy to make because of
its simple design, unlike multi-layer options that are harder

FIGURE 9. Absorptance and Relectance spectra for the proposed GMMA
absorber.

TABLE 2. Comparing bandwidth across different GMMA configurations.

to implement due to complicated manufacturing and higher
costs.

VI. APPLICATION OF GMMA IN ANTENNA
A GMMA antenna is a device that can capture, transform,
broadcast, and receive THz EM waves using GMMA
structures. GMMA structures are composed of graphene
layers patterned into different shapes and sizes, and com-
bined with dielectric and metallic layers, to create various
resonant modes and plasmonic effects that enhance the
radiation performance of the antenna. THz EM waves can
be captured and transformed into electrical signals using
broadband THz GMMA devices. In order to broadcast and
receive THz signals for wireless communication and data
transmission, these devices can also be utilized as antennas.
EMwave emitters and receivers are called antennas. Antenna
performance is influenced by radiation efficiency, bandwidth,
gain, directivity, return loss, insertion loss, and polarization
in addition to impedance matching. Enhancing the radiation
efficiency and bandwidth of a THz antenna is a problem
in antenna design since these parameters are constrained
by the high ohmic losses and restricted resonant modes of
THz materials and structures. To overcome these obstacles
and produce effective, broadband THz antennas, graphene,
a two-dimensional material with extraordinary electrical and
optical capabilities, can be employed. One possible way to
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feed graphene in the system is to use an external voltage bias
to modulate the surface conductivity of graphene, which can
affect the impedance matching, bandwidth, and polarization
of the antenna. Another possible way is to use chemical
doping, strain engineering, or external voltages to modify the
Fermi energy of graphene, which can affect the plasmonic
waves, radiation efficiency, and directivity of the antenna.
As a result, graphene can successfully match the impedance
of the feed line and the vacant space. Moreover, graphene
can support plasmonic waves with a large wave vector and
a short wavelength due to its low effective mass and high
carrier mobility. This allows graphene to achieve a high
radiation efficiency and a wide bandwidth. GMMA can also
exhibit negative permittivity and permeability, which enable
them to achieve a high directivity and a low backscattering.
GMMA can be designed to have a specific polarization or
a polarization-independent response. To calculate the gain
of an antenna, we typically need more information than just
the shape of the antenna and the frequency of the signal.
The gain of an antenna depends on various factors, including
its size, structure, and the operating frequency. However,
we can provide a very basic and rough estimate of the gain
by using a common formula for a square aperture antenna.
The gain of an antenna can be approximated by the following
formula [73]:

G ≈
4πAe
λ2

(39)

where G is the gain of the antenna, Ae is the effective
aperture of the antenna, and λ is the wavelength of the signal.
To calculate the wavelength (λ) at a frequency (f ), you can
use the formula:

λ =
c
f

(40)

where c is the speed of light (approximately 3 ×108 meters
per second). For our GMMA, effective aperture is
15.1695 µm2. Let, frequency of the signal is 3 THz, the
corresponding wavelength (λ) will be 0.1 mm. The gain (dB)
of the GMMA antenna will be 37.78 dB which indicates
that the antenna is efficient at directing energy in a specific
direction. So, our GMMA antenna with a gain of 37.48 dB
is significantly more directional and efficient in focusing
its radiated energy compared to a simple omnidirectional
antenna. The directivity (D) formula in terms of gain (G) is
derived from the basic definition of directivity as the ratio
of the maximum radiation intensity of the antenna to the
average radiation intensity over all directions. In decibels,
it is expressed as:

D = 10 log10

(
Max Radiation Intensity

Average Radiation Intensity

)
(41)

For an isotropic radiator, the maximum radiation intensity
is equal to the average radiation intensity, resulting in a
directivity of 1 (0 dB). When expressing directivity in terms
of gain, the formula becomes [73]:

D = G− 10 log10(4π) (42)

The directivity of the GMMA antenna will be 32.81 dBwhich
indicates that the GMMA antenna is able to concentrate
its radiation in a specific direction more effectively than
an isotropic radiator. This can be desirable in applications
where you want to maximize signal strength or minimize
interference from specific directions. Return loss (RL) serves
as a metric for assessing the degree to which a device
or component aligns with the impedance of the connected
system. This parameter is expressed in decibels (dB) and is
computed using the formula:

RL = −20 log10(|S11|) (43)

Here, S11 is the reflection coefficient. In our case, the
maximum return loss of GMMA antenna is -34 dB, shown
in Fig. 10 (a). This value signifies a remarkably effective
impedancematchingwithin the system, suggesting that a sub-
stantial portion of the incident power is efficiently transmitted
without undue reflection back towards the source. A higher
return loss value indicates superior impedance matching,
implying reduced reflection of power. The efficiency (η) of

FIGURE 10. (a) Return loss, and (b) efficiency of the GMMA antenna.

an antenna is often related to its reflection coefficient (S11)
and transmission coefficient (S21). The efficiency can be
expressed in terms of these parameters as follows:

η = 1 − |S11|2 − |S21|2 (44)

Here, η is the antenna efficiency, and S21 is the transmission
coefficient. The efficiency is essentially a measure of how
well an antenna converts the input power into radiated
power, accounting for both reflected and transmitted power.
In analyzing Fig. 10 (b), the GMMA antenna demonstrates
remarkable efficiency exceeding 0.9, with a peak value
reaching an impressive 0.9996. The antenna operates in the
THz region, which is a very high frequency range from
0.1 to 10 THz. The structure of the antenna is kind of
rectangular patch antenna, which is a common type of
antenna for THz applications. The patch can be excited
by various methods, such as a microstrip line, a coaxial
probe, or a slot. The model of our proposed antenna can
further develop like Coaxial-fed rectangular patch antenna.
Our proposed antenna design consists of three distinct layers:
the metasurface layer, the driven patch layer, and the feeding
network layer [74]. These layers can be implemented on two
RO4350 substrates and a TLY-5 substrate, as illustrated in
Fig. 11, and the connection between the driven patch layer
and the feeding network layer is established through the
utilization of a RO4450 substrate [74].
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FIGURE 11. Suggested Antenna Model Design.

The comprehensive performance evaluation presented in
Table 3 establishes a clear superiority of the proposed
GMMA antenna across various parameters when compared
to other antenna models. Notably, the GMMA antenna excels
in gain, directivity, return loss, and efficiency, surpassing
counterparts detailed in Table 3. With a gain of 37.48 dB,
the GMMA antenna surpasses conventional antennas, which
typically have gains below 10 dB, achieving almost four
times better performance. Its directivity of 32.81 dB indicates
focused power radiation, reducing interference from external
sources. The antenna also demonstrates a notable return loss
of -34 dB, suggesting excellent impedance matching and
minimal reflection of input power. Importantly, the GMMA
antenna achieves an outstanding maximum efficiency of
99.96%, surpassing all other models. This highlights its
exceptional capability to convert nearly all input power into
radiated power with minimal losses.

TABLE 3. Comparison of antenna performance parameters.

FIGURE 12. Possible fabrication process of GMMA.

VII. POSSIBLE FABRICATION PROCESS
The fabrication of the proposed device involves a multi-
step process, illustrated in Fig. 12, primarily relying on
the chemical vapor deposition (CVD) technique, known for
its cost-effectiveness and reliability. The key material in
this process is graphene, a single layer of carbon atoms
arranged in a hexagonal lattice structure, chosen for its
exceptional properties. To initiate the fabrication, graphene
is grown as a high-quality single layer on a copper or nickel
substrate using the CVD technique [88]. This step ensures
the production of a pristine graphene layer, crucial for the
device’s performance. The choice of copper or nickel as
substrates provides a suitable surface for graphene growth
while maintaining affordability. Once the graphene layer is
grown, it is transferred onto the dielectric material, in this
case, SiO2. Furthermore, the adaptability of the production
method may be increased by transferring the graphene
generated by CVD to a variety of other substrates [89]. This
stage enables modification according to particular substrate
preferences or application needs. Spin coating is used to place
a thin dielectric layer over the structure after the graphene
transfer. The dielectric substance is distributed uniformly by
spin coating, and the structure is then hardened in a vacuum
oven. The dielectric layer is strengthened throughout this
curing process, providing a strong basis for the next graphene
layers. We repeat the CVD procedure for the subsequent
graphene layer. Like in the first stage, a new sheet of graphene
is generated on a copper substrate and then placed on top of
the preexisting structure. Next, using the spin coatingmethod,
the dielectric layer is applied to this newly created graphene
sheet and allowed to cure in a vacuum oven. The development
of a strong and efficient device structure is ensured by this
stacking process. A regular lithography procedure is used
to produce the top graphene pattern in the last phase of
the manufacturing process [90]. This thorough production
process, which demonstrates the strategic integration ofmate-
rials and procedures for maximum performance, provides
the groundwork for the successful creation of the proposed
device.

VIII. CONCLUSION
This paper introduces an innovative design for a graphene-
based metamaterial absorber (GMMA) that exhibits the
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ability to absorb over 90% of EM waves across a broad
frequency range (1.14-4.14 THz), irrespective of polariza-
tion. The theoretical framework for analyzing this structure
is presented through the application of transmission line
theory and the use of a transmission matrix. This approach
further expands the understanding of the relationship between
input impedance and reflection coefficient. The GMMA
displays several remarkable features such as tunability,
polarization independence, and robustness against structural
changes. These characteristics make the GMMA an excellent
contender for various applications within the THz range. The
tunable and broadband capabilities demonstrated in this study
significantly enhance the development of GMMA technology
specifically designed for THz frequencies. Furthermore, the
structure’s exceptional clarity and simplicity make it ideally
suited for antenna applications. To sum up, the GMMA’s
versatility and adaptability position it as a valuable tool in
addressing the challenges and requirements of pioneering
innovations in the THz spectrum. This research not only
contributes to the advancement of GMMA technology but
also opens up new possibilities for its practical applications.
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