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Abstract. This work presents an ultra-wideband tunable graphene-
based metasurface absorber for the terahertz (THz) gap region of the
electromagnetic (EM) spectrum. The proposed absorber provides an
absorption bandwidth (BW) of 7.8 THz (fractional BW =195%) with
absorptivity A(f) > 90%, i.e., from 0.1 to 7.9THz. The impedance
matching between free space and the absorber’s surface has been achieved
by engraving different shapes of slots on the top graphene layer. The
working principle behind the UWB absorption mechanism has also been
studied with the help of parametric studies and field plots. The thick-
ness of the metasurface is only 2 pm, i.e., Ay/958.3, where A, has been
computed at 0.1 THz, thus, maintaining the ultra-thin nature required
for the metasurface design in the THz regime. The absorber’s periodicity
is also quite less, i.e., 6 pm (A\g/319.43), which is sufficient to achieve an
effective homogeneity condition. The four-fold symmetry in the design
makes the structure polarization insensitive to the incoming plane wave.
The metasurface also works well for a wide incidence angle (0) under
both transverse electric (TE) and transverse magnetic (TM) polariza-
tions. The A(f) > 80% has been achieved for 6 up to 45°. In addi-
tion, the absorber provides full-width at half-maxima (FWHM) BW in
the complete frequency range, i.e., from 0.1 to 7.9 THz. Hence, the pro-
posed metasurface absorber is found suitable for suppressing/absorbing
unwanted electromagnetic radiation in a close indoor environment for
smart city-enabled Internet of Things (IoT) applications.

Keywords: Metasurface - Graphene - Ultra-wideband - Terahertz

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2024
Published by Springer Nature Switzerland AG 2024. All Rights Reserved

P. Pareek et al. (Eds.): IC4S 2023, LNICST 537, pp. 231-240, 2024.
https://doi.org/10.1007/978-3-031-48891-7_20


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-48891-7_20&domain=pdf
https://doi.org/10.1007/978-3-031-48891-7_20

232 N. K. Maurya et al.

1 Introduction

A recent worldwide survey by United Nations revealed that a major chunk of the
world’s population will migrate to cities in the coming years [1]. Due to the expo-
nential increase in the population of cities triggered by massive urbanization, city
administrators are looking for viable solutions that effectively monitor the cit-
izen to enhance their living standards. In this context, the smart city emerged
as the potential key to quenching this quest. The smart city ecosystem allows
the city administration to effectively and precisely implement various aspects
of the city, like security, transportation, cleaning and sanitation, etc., through
proper monitoring and sensing [2]. Indeed, the functioning of smart city applica-
tions relies on gathering data from various devices/sensors wirelessly, analyzing
these data, implementing intelligent control measures, and securely disseminat-
ing information [3].

Hence, to tackle smart cities’ complex and diverse challenges, the internet is
crucial in facilitating communication, sharing and processing information, trans-
ferring and analyzing data, and enabling distributed computing. The emergence
of the Internet of Things (IoT) and the widespread integration of web technolo-
gies for cloud computing in urban settings have demonstrated the effectiveness
of Internet-based solutions in effectively addressing societal issues [4]. In order to
realize this vision, the next generation of IoT devices must be created with the
capability to operate autonomously through wireless medium [5] and support
numerous wireless standards [6,7]. Additionally, precise sensing plays a criti-
cal role in enabling autonomy in smart cities and researchers worldwide have
attempted various devices and technologies to improve the sensitivities of IoT
sensors [8].

Metamaterials/metasurfaces are unique materials that possess properties
that are not naturally occurring and are composed of resonators arranged
in a uniform pattern on a dielectric substrate [9]. Interestingly, metamateri-
als/metasurfaces exhibit diverse properties, including the ability to selectively
absorb specific frequencies [10-13] or detect even the slightest variations in spe-
cific parameters [12,14-16]. Thus, metasurfaces hold significant potential for
utilization in various smart city compatible IoT applications due to their dis-
tinctive characteristics such as absorbers, modulators, sensors, switches, etc.
[9,12,14,15,17]. At the same time, these artificially engineered materials have
the capacity to absorb undesired frequencies, which is crucial to avoid cross-talk
between wireless sensor nodes and provide end users with the best performance.
These intriguing characteristics make them valuable for supporting IoT technol-
ogy in challenging conditions, primarily through their precise sensing and absorp-
tion applications [18]. Since the population is increasing at an astonishing rate
[1], the demand for higher data rates will also be going to increase exponentially.
This motivates the researchers to shift towards the terahertz (THz) range of elec-
tromagnetic (EM) spectrum due to the availability of ultra-wideband (UWB)
frequency spectrum and non-ionizing nature of THz radiation [19]. Hence, the
future smart city compatible IoT applications will incorporate THz technology
for UWB communication [20,21].
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This work focuses on the design and analysis of frequency tunable metasur-
face for absorption over an UWB band in the THz regime. The tunable frequency
response enables the proposed absorber to be used as a sensor, modulator, and
switch apart from its usage as an absorber. The rest of the paper has been orga-
nized as follows: The design procedure has been presented in Sect. 2. Section 3
focus on the results and discussions. Finally, Sect. 4 concludes this work.

2 Metasurface Design

In the THz regime, graphene-based designs have gotten tremendous attention
due to their ability to generate plasmonic resonances by exciting surface plasmon
polaritons (SPPs) [9,22-24]. Interestingly, these resonances could be made fre-
quency reconfigurable by varying complex surface conductivity of the graphene
(Ographene) defined by Eq. 1, which is the summation of intra-band (Cintra) and
inter-band (ointer) conductivities given by Eq.2 and 3, respectively [25]. In the
THz gap region of the EM spectrum (0.1-10 THz), the contribution of gj,ter could
be ignored [9,22]. Therefore, ographene could be independently represented by
Tintra- As a result, by varying chemical potential (i) in Eq. 2, 0graphene could be
varied. Thereby imparting plasmonic resonances reconfigurable frequency char-
acteristics in the graphene-based devices.

Ographene = Tintra + Tinter (1)
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The schematic diagram of the proposed graphene-based tunable UWB meta-
surface absorber is shown in Fig. 1a and the corresponding reflection and absorp-
tion curves have been depicted in Fig. 1b. The structure of the unit cell comprises
of SiO2 (€, = 3.9 and tan § =0.0006) substrate backed by continuous monolayer
graphene (MLG) sheet having a thickness of 0.335nm. The top surface of the
unit cell has also been designed using a 0.335nm thick MLG sheet. Since the
SiOs substrate is backed by the MLG sheet having thickness greater than the
skin depth, the transmission coefficient (|Sq1|) becomes zero and the absorptivity
(A(f)) defined by Eq.4 depends only on the reflection coefficient (|S11]) repre-
sented by Eq.5. Hence, in this work, the UWB absorption response has been
obtained by achieving impedance matching between the absorber’s top surface
and free space.

Interestingly, while designing the metasurface unit cell in this work, the reflec-
tions at the interface between the absorber’s surface and free space have been
reduced by incorporating slots of different shapes (viz. square loop and circular)
and sizes on the top of the MLG sheet, as shown in Fig. 1a. It is worthy to mention
here that the square-shaped slots with two different sizes have been used here
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Fig. 1. (a) Perspective view of the proposed UWB absorber, P=6,t=2,a=1.2,b=1,
c=2,d=4, g=0.2, r=0.5 (unit:pm) and (b) |S11| and absorptivity.

to excite two distinct plasmonic resonances. The larger square slot resonates at
1.06 THz, whereas the smaller square loop slot resonates at 3.14 THz. In addition,
the central circular slot resonates at 6.63 THz. Subsequently, the three distinct
plasmonic resonances generated by square and circular slots have been combined
together to provide a UWB absorptivity response. The proposed UWB absorber
covers the THz frequency spectrum from 0.1 to 7.9 THz with A(f) > 90%, which
corresponds to 195% fractional bandwidth (FBW) as shown in Fig. 1b. The peri-
odicity and thickness of the metasurface are \;/319.43 and \,;/958.3, respec-
tively, where )\, is the guided wavelength computed at 0.1 THz, thus, satisfying
both the effective homogeneity condition and the ultra-thin nature required for
designing a metasurface absorber in the THz regime.

A(f) =1—=[5ul —|Sxl? (4)

A(f) =1- |511|2 (5)

3 Results and Discussions

To have a better understanding regarding the excitation of localized SPP (LSPP)
wave, generation of resonant modes and loss mechanism taking place inside the
absorber structure, magnitude E-field and magnitude H-field have been numeri-
cally computed using CST Microwave Studio in the xy-plane as shown in Figs. 2
and 3, respectively. The |E|-field distribution depicted in Fig.2a clearly shows
that the outer square slot ring is mostly excited at 1.06 THz while the inner
square slot ring and central circular slot remain unenergized. This confirms the
electric excitation of the metasurface absorber by the incoming plane wave, which
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Fig. 3. |H|-field density at: (a) 1.06 THz, (b) 3.14 THz, and (c) 6.63 THz in xy-plane.

leads to the generation of the LSPP wave at the interface of the graphene and
dielectric substrate near the vicinity of the outer square ring. The LSPP wave
is non-propagative in nature and mostly oscillates at its position. This causes
energy localization and thereby leads to losses in the form of conductor loss
induced by graphene and dielectric loss induced by the SiOy substrate. It is
worthy to mention here that the perimeter of the outer square ring is more com-
pared to the inner square ring and circular slot. As a result, the outer square
ring generates plasmonic resonance at the lowest operating frequency, i.e., at
1.06 THz. The |H|-field density has also been computed at 1.06 THz to analyze
the response of the proposed metasurface with respect to the H-field vector of
the incident plane wave as shown in Fig. 3a. From Fig. 3a, it is evident that the
induced H-field is mostly concentrated inside the outer square loop and it is
orthogonal to the |E|-field distribution shown in Fig.2a. Hence, perfect absorp-
tion takes place at 1.06 THz with a sharp dip in |S11]| characteristics (see Fig. 1b)
through proper electromagnetic excitation of the metasurface absorber.
Similarly, the |E|-field and |H|-field densities have been computed at 3.14 THz
as shown in Figs.2b and 3b, respectively. The field plots reveal that the inner
square ring is excited in its fundamental mode, i.e., one wavelength loop mode
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Fig. 4. Parametric study for the variation in: (a) parameters a and b, simultaneously
such that (a-b) =g is constant at 0.2 pm and (b) r.

[22], which is responsible for the absorption mechanism at 3.14 THz. In addition,
at 3.14 THz, the outer square ring has also been excited in its higher-order mode.
As a result, two distinct resonances generated by the inner square ring and outer
square ring combined together to provide a UWB absorptivity response. Finally,
a strong electromagnetic excitation of the central circular slot at 6.63 THz shown
in Figs.2c and 3c leads to the sharp dip in [S;1;| characteristics as shown in
Fig. 1b. The strong confinement of the electric and magnetic fields near the
central circular slot clearly indicates the generation of the LSPP wave, which
is responsible for the absorption of the EM wave towards the upper side of the
UWRB absorption band. Here also, the outer and inner square rings are excited
in their higher-order loop modes, which justifies the recombination of different
modes to provide a UWB absorption response.

The observations made above by analyzing the |E|-field and |H|-field densities
have been further verified with the help of the parametric study of the design
variables as shown in Fig. 4. Due to brevity, the effect of variation in the perime-
ter of the outer square ring has been ignored. This is because, at 1.06 THz, only
the outer square loop is energized and the other two slots remain unexcited,
as shown in Figs. 2a and 3a, which clearly show that at 1.06 THz, absorption is
taking place due to the excitation of the outer square loop only. In the first para-
metric study, parameters a and b have been varied simultaneously such that a-b,
i.e., g (see Fig. la) is always constant at 0.2 pm while keeping all other parame-
ters unchanged as shown in Fig. 4a. With an increase in parameters a and b, the
perimeter of the inner square ring increases. As a result, the level of absorption
near the center of the absorption band (i.e., around 3.14 THz) gets modulated
without any change in the absorption peaks at 1.06 THz and 6.63 THz as shown
in Fig. 4a. The same conclusion has been drawn using the |E|-field and |H|-field
density shown in Figs. 2b and 3b, respectively, where we have claimed that the
inner square ring is mainly responsible for absorption near 3.14 THz. In the next
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study, the radius of the central circular slot (r) has been varied from 0.2 to 0.8
pm, as shown in Fig.4b. With an increase in r, it is evident that the absorp-
tion curve is getting changed mostly near the 6.63 THz, which again justifies our
claim that r is responsible for absorption near the higher side of the absorption
band.
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Fig. 5. Parametric study for the variaton in: (a) 7 and (b) p. of the graphene.

The effect of graphene’s electrical parameters viz. 7 and p. on the A(f) has
also been analyzed using a parametric study as shown in Fig. 5. For the higher
value of 7, the absorption coefficient changes from UWB to the multiband nature.
Hence, in this work a lower value of 7, i.e., 0.06 ps, has been considered to obtain
an ultra-wideband response over a multiband response. To test the tunable fre-
quency characteristics of the proposed graphene-based metasurface absorber,
the complex surface conductivity of graphene has been varied by changing . as
shown in Fig.5b. From Fig.5b, it is evident that with an increase in the value
of p., A(f) response is clearly showing frequency tunability with a blue shift in
absorption curves. Moreover, absorption BW also increases for higher values of
te as shown in Fig.5b. For u.=0.5€eV, the absorber provides BW of 7.8 THz
with A(f) > 94%. With a further increment in p. beyond 0.5 eV, the absorption
BW is increasing but at the cost of a decrease in the level of absorptivity. Hence,
e =0.5€V has been selected in this work.

The orientation of the E-field vector and the angle of incidence of incom-
ing plane waves can severely affect the absorption coefficient of a metasurface
absorber. To examine this, the effect of the polarization angle (¢) and incidence
angle (#) has been studied, as shown in Fig. 6. Figure 6a shows that with the
change in ¢ from 0° to 45°, the absorption coefficient remains unchanged, which
confirms the polarization insensitivity of the proposed absorber. For the per-
fect absorption of EM waves in indoor wireless environments for massive IoT
applications, polarization insensitivity is one of the most crucial factors. In an
indoor wireless environment, multiple reflections and scattering of EM waves
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Fig. 6. (a) A(f) for different polarization angles (¢). A(f) for different incidence angles
(0) under: (b) TM polarization (¢ =0°) and (c) TE polarization (¢ =90°).

occur, often changing the polarization angle of the incident plane wave. There-
fore, making absorber polarization insensitive can helps to absorb EM waves
having different polarization angles as well. Similarly, the effect of 8 under both
transverse magnetic (TM) and transverse electric (TE) has also been analyzed,
as shown in Fig. 6b and c. It is found that the proposed absorber provides A(f)
> 80% up to § =45°. At the same time, the proposed absorber also covers the
BW from 0.1 to 7.9 THz with A(f) > 50%, thus, providing very wide full-width
half-maxima (FWHM) bandwidth, which is very much required for massive IoT
applications in multipath-rich wireless environment taking place in closed indoor
environment,.

The efficacy of the proposed work has been brought to the attention by
comparing it with current state-of-the-art designs present in the literature as
shown in Table 1. The proposed work provides the highest absorption BW of
195%, which is far better than the others, as shown in Table1l. At the same
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time, the thickness and periodicity of the proposed design are also quite less,
as shown in Table 1. Hence, the proposed metasurface could be one of the good
solutions for absorber application over ultra-wideband in the THz regime.

Table 1. Comparison Study

Reference | Freq Range (THz) For A(f) > 90% | Fractional BW (%) | Thickness | Periodicity | Design Configuration

[10] 2.06-11.8 140.86 Ao/55.9 | Xo/2L.7 Graphene-Dielectric-Graphene
[11] 1.07-2.88 91.64 Ao/11 Ao/14 Graphene-Dielectric-Gold

[12] 4-8 67 A0/8.39 | Xo/9.38 Hybrid-Dielectric-Gold

|13] 2.2-4.6 70.59 A011.36 Ao/13.64 Graphene-Dielectric-Gold
This Work | 0.1-7.9 195 Ao/1500 | Ao/500 Graphene-Dielectric-Graphene

4 Conclusions

This work presents a frequency-reconfigurable UWB metasurface absorber for
the THz regime. The tunability in the design has been achieved by using
graphene as a design material. Interestingly, the tunable absorption characteris-
tic also allows the proposed solution to be used for sensing and switching appli-
cations. The structural symmetry in the design makes the metasurface indepen-
dent from the polarization of the incident plane wave. In addition, the proposed
absorber also provides a good absorption response under a wide incident angle
over the UWB band. Hence, the designed tunable metasurface absorber could
be used in smart city scenarios to suppress unwanted interference over the UWB
band that takes place in indoor wireless environments, particularly for IoT appli-
cations.
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