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ABSTRACT We report an efficient approach to enhance terahertz (THz)-guided modes for realizing
subwavelength thick metamaterial devices (MMD). Here, a combination of hollow and slitted rings of
the vanadium dioxide (VO2)-based metasurface, having perfect impedance matching with free space,
is considered to cause tight coupling in the unit cells while reducing transverse field components of
the boundary. The consolidated dielectric layer of polytetrafluoroethylene (PTFE)-polyimide underneath,
maintaining a gradual change in refractive indices, brings about further improvement for a broader spectrum.
Through strategic and systematic design steps, a maximum impedance bandwidth of 5.68 THz, ranging
from 4.42 to 10.10 THz, has been achieved here from a structure thinner than a wavelength. Additionally,
mode-independent polarization insensitivity and tunability are attained through the symmetrical unit cell
pattern of temperature-dependent VO2. Optimized design parameters agree with interference cancellation
theory too. Validation of our presented design is performed using theoretical analysis based on equivalent
circuit theory. The proposed design offers a new avenue for designing ultra-thin broadband absorbers, light
modulators, etc.

INDEX TERMS Absorber, metamaterial devices, metasurface, light modulator, THz guided mode
enhancement.

I. INTRODUCTION
Artificially engineered electromagnetic (EM) materials
having subwavelength structural details possess unique
attributes. Design flexibility offered by these metamaterials
aids in realizing devices for a plethora of applications, includ-
ing elimination of undesired EM energy interference, stealth
technology [1], sensing [2], [3], photovoltaics [4], imaging
[5], medical applications [6], etc. Owing to the negative
refractive indices of these novel constituents, metasurfaces
allow sleeker and lighter designs compared to conventional
structures performing similar functions [7], [8]. Most of
these application areas, however, necessitate metamaterials to
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enhance surface current at the interface and result in devices
with near-unity absorption at the designated spectrum.

Recent evidences suggest considerable progress in the
advancement of metamaterial based devices (MMD) [9],
[10], [11], [12], [13], [14]. Work in [12] reports a rota-
tionally symmetric patch integrated layout to strengthen
surface current at the Ku band. For near-infrared (NIR)
range, gallium-doped zinc oxide-based nanorods ensuring
high absorption have been incorporated [14]. A detailed
analysis on the device’s performance for varying incident
angles and nanorod volume fractions has also been addressed.
Falling between the gigahertz (GHz) and optical spectra that
are governed by classical electron transfer theory and quan-
tum mechanics, respectively, a comparatively less exploited
spectrum remains, broadly known as the terahertz (THz) gap.

VOLUME 11, 2023

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/

77919

https://orcid.org/0009-0006-4496-1913
https://orcid.org/0009-0007-3777-6119
https://orcid.org/0000-0002-0218-7337
https://orcid.org/0000-0002-6741-9661
https://orcid.org/0000-0003-0975-0943


S. M. Rakibul Hasan Shawon et al.: Switchable THz Guided Mode Enhancement

Such spectrum (0.1-11 THz) is significant for the advance-
ment of the sixth-generation (6G) THz wireless networks
[15], imaging technology [16], particularly in manipulating
THz radiation [17], generation [18], and detection [19], [20],
spectroscopy, quantum electronics, etc [21], [22], [23], [24].
To trap THz waves in a narrow and broad band, a list of

suitable conducting and dielectric materials for THz devices
is presented in [22]. Studies on architectural changes, includ-
ing circular and square rings [25], [26], wheel patterns [27],
multi-layered metals of pyramidal shape [28], and all-
dielectric-based layouts [29], have also been demonstrated.
However, these top conducting planes primarily leverage
to narrow band response. Frequency-dependent molecu-
lar absorption is also a factor behind limiting absorption
bandwidths. Multi-layered conductors with dielectric spac-
ers or graphene-incorporated hybrid metasurfaces, enhanc-
ing guided wave for larger bandwidth has been reported
in [30], [31]. Nonetheless, the achieved unit cells require
a thicker dielectric layer to reduce backward transmission,
and double-layer conductor deposition, which substantially
increases fabrication complexity. It is worth mentioning that
the available literature mostly leads to their proposed solution
through the trial and error method, rather than strategic design
steps. Existing literature also demonstrates the inclusion of
active photonic materials [32], [33], [34], [35] that are able
to actively control and manipulate the absorption properties.
In [32], however, it is observed that while silicon acts as an
insulator, the cross-polarized reflected wave increases with
a reduction in the guided wave. Similar scenario is apparent
in [33] with vanadium dioxide (VO2). On the other hand, the
incorporation of active photonic materials as either a metal
or an insulator, while simultaneously maintaining minimized
reflection, greatly facilitates the development of devices
capable of modulation, switching, or tunable filtering. To this
aim, our work focuses on achieving a tunable, ultrawide-
band, polarization-insensitive device by enhancing guided
waves at the conducting plane in a systematic manner. Here,
guided mode indicates the transmission modes with complex
wavenumbers, tightly coupled to the metal-dielectric inter-
face. As a metasurface, we propose a VO2 based arrangement
of rings onto which multiple slits are strategically etched.
Each of the rings has separate narrow yet closely spaced
impedance bandwidths that are leveraged to improve the total
bandwidth of the guided wave. Below the conductive layer,
two different dielectric spacers with increasing dielectric
constants are placed to direct and trap the wave inside this
cavity within a smaller distance. From the optimized design,
a bandwidth of 5.68 THz is achieved, and to the best of the
author’s knowledge, this is the highest bandwidth reported
in the literature, from a subwavelength thick broadband THz
device. Validation of the result in terms of equivalent circuit
theory has also been showcased in this work. The analysis is
conducted within the 1-11 THz range to enable the effective
use of our proposed MMD in high-speed data transmission
and applications requiring precise frequency control. Since

the proposed outcome of λ/3 thickness can easily be adopted
as a metamaterial absorber (MMA) and light modulator,
therefore all the analyses in the rest of the sections have been
made focusing on these two applications.

II. DESIGN
The proposed optimized ultra-wideband thin THz MMD is
presented in Fig. 1. Here, the unit cell is represented by
a VO2 coated dual layered dielectric substrate of PTFE-
polyimide combination covering an area of 40 × 40 µm2.
The dielectric properties of these two sheets are provided in
Table 1.

FIGURE 1. Schematic Illustration of the proposed THz device identifying
(a) three dimensional (3D) periodic array, (b) isometric view of the unit
cell with structural parameters, and (c) the top view of the unit cell with
period p = 40 µm.

TABLE 1. Properties of the dielectric layers.

Thicknesses of PTFE (t3) and polyimide (t2) are kept as
0.01 × λmin and 0.03 × λmin respectively, where λmin indi-
cates minimum wavelength in respective media. Hence the
effective dielectric constant (εeffD ) of the dual-layered part
can be presented as in (1) [36]:

εeffD =
εrPTFE + εrPO + (εrPO − εrPTFE ) cos

π t3
t2+t3

2
(1)

The dielectric properties of VO2 in the THz range have
been extracted following Drude model [37], [38] (see,
Fig. 2(a)-(c)), where permittivity (ε) at angular frequency (ω)
can be expressed as:

ε(ω) = ε∞ −
ω2
p(σ )

ω2 + iγω
(2)

Here, dielectric permittivity at infinite frequency (ε∞) and
the collision frequency (γ ) are set to 12 and 5.75 × 1013 rad/s
respectively. For two different conductivity of σ and σ0,
plasma frequency (ωp) can be represented as:

ω2
p(σ ) =

σ

σ0
ω2
p(σ0) (3)
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FIGURE 2. VO2’s (a) temperature dependant conductivity, (b) real and
(c) imaginary parts of permittivity, and (d) variation of skin depth of gold
with frequency.

with σ0 = 3.0 × 105 S/m and ωp(σ0) = 1.4 × 1015 rad/s.
Under various temperature conditions, the effective conduc-
tivity of VO2 can be expressed as [39]:

σ = σeffV02
(T ) = −iϵ0ω

[
ϵeffV02

(T ) − 1)
]

(4)

It is worth mentioning that from 300K to 350K, the con-
ductivity (σ ) of VO2 may vary from 25 S/m to 2 × 105 S/m
as it undergoes a phase transition from insulator to metal state
(ITM) at 340K (see, Fig. 2(a)) [40]. Hence, the Bruggeman
effective-medium theory (BEMT) can be used to explain the
complex dielectric properties of VO2 as follows [41]:

ϵeffV02
(T ) =

1
4

[
ϵi(2 − 3Vf ) + ϵm(3Vf − 1)

]
+

1
4

[√
[ϵi(2 − 3Vf ) +ϵm(3Vf − 1)]2+ 8ϵiϵm

]
(5)

where the corresponding dielectric permittivity of VO2’s
insulating and metallic phases are defined as ϵi and ϵm.
Additionally, by using the Boltzmann distribution function,
the fractional volume of the metallic region, Vf can be repre-
sented as:

Vf = Vf (T ) = Vmax

[
1 −

1

1 + e
T−Tc
1T

]
(6)

where Tc = 68 ◦C implies the critical temperature for phase
change in the heating process, and 1T = 2 ◦C indicates
the deviation of temperature due to external thermal energy
from heating to cooling operation; the largest volume dis-
tribution in the metallic form during the phase transition is
Vmax (≈0.95) [42].
To determine the permittivity of VO2 using BEMT, it is

required to ensure that the size of the VO2 layer remains
smaller than the operating wavelength. However, it still needs
to be of sufficient magnitude to be described by a dielectric
function. This is essential since for a fractional volume (Vf )

FIGURE 3. Design hierarchy of unit cell of MMD consisting of (a) a central
ring resonator, (b) one, (c) two, (d) three, and (e) four double slitted rings
with central ring.

TABLE 2. Ring Resonators parameter list.

over 20%, the interaction among the random yet macroscop-
ically homogeneous metallic particles in the insulating phase
of VO2 can no longer be ignored.
The proposed design is achieved through strategic steps for

enhancing the resonant mode of surface waves as shown in
Fig. 3 (a) - (e). In design 1, a single VO2 ring (outer radius,
ro = 4.5 µm ) is considered for the simulation with a period-
icity of p = 40 µm. To strengthen the surface wave, double
slitted ring is added in design 2 (as in Fig. 3(b)). The goal is
to capture and focus the incident wave near the periphery of
the central ring. To this aim, one ring in each design step has
been added sequentially; orthogonal slits are etched, making
the slits of adjacent rings in line of sight. The thickness of
these double slitted rings is kept at 0.2 µmwith gaps of 2 µm
length. Dimensions of the rest of the parameters are provided
in Table 2.
The radius, width, and split gaps of different rings are

altered since these parameters influence the enhancement
of surface wave propagation. Double-layered dielectric sur-
faces (PTFE and polyimide) backed by a gold (Au) layer
have been incorporated in this study, causing a reduction
of reflected fields. Such composition aids to achieve 90%
absorption. Since polytetrafluoroethylene (PTFE) is optically
lighter compared to polyimide in terms of reflection coeffi-
cient; therefore, it is placed adjacent to VO2. At the bottom of
the structure, 2µm thick Auwith an electrical conductivity of
4.56 × 107 (S/m) is placed. The height of the ground is usu-
ally kept higher than its skin depth to restrict the transmitting
field (see, Fig. 2(d)).
The numerical investigation has been carried out using a

frequency domain solver of the commercial software CST
Microwave Studio. In the simulation domain, Maxwell’s
equations are solved by considering a unit cell with periodic
boundary conditions along the x and y directions. Scatter-
ing parameters have been calculated using a broadband EM
source spanning from 1-11 THz applied via floquet ports
oriented along the z axis.

A possible setup for constructing the optimized MMD,
is presented in Fig. 4. Here, for the fabrication of the unit cell,
initially, a polyimide film of thickness 1.9 µm is aimed to be
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FIGURE 4. Fabrication steps of the unit cell of the MMD.

deposited onto a 2 µm thick Au plate by plasma enhanced
chemical vapor deposition (PECVD) process. The PTFE
layer would later be coated by applying the same method.
VO2 film can be grown onto PTFE using dc magnetron sput-
tering, in a vacuum chamber, with a vanadium metal target
as the cathode. For this, at first, PTFE is coated with VOx
after it has been sputtered, and then is subsequently annealed
in a low-pressure oxygen (O2) environment to change the
VOx into VO2 [43]. A surface pattern mask, following a pho-
toresist, is deposited and through negative photo-lithography,
the optimized pattern of photoresist is obtained. Finally, the
etching process brings out the desired outcome. To adjust tun-
ability, the temperature of the MMD can be elevated using a
resistive heater positioned underneath the gold plate. In addi-
tion to thermal excitation, the characteristics of VO2 can be
modified through electrical [44] and optical [45] stimulation
also.

III. RESULT ANALYSIS
The absorption spectra of the presented designs (as in
Fig. 3(a) -(e)) are estimated using (7) [33]:

A(ω) = 1 − R(ω) − T (ω) − P(ω) (7)

Here, R(ω) and T(ω) represent the reflection and trans-
mission coefficient respectively at angular frequency (ω),
which in terms of scattering parameters can also be denoted
as R(ω) = |S11|2 and T (ω) = |S21|2. The polarization
conversion, P(ω), is allowed to be close to zero due to the
resonant unit structure configuration of the MMD. Since no
EM wave is transmitted through the absorber, the transmit-
tance T(ω) can be omitted from (7), and the absorptance can
be mentioned as:

A(ω) = 1 − |S11(ω)|2 (8)

Based on (8), the absorptance of different resonating struc-
tures is estimated and presented in Fig. 5(a). Here, for
design 1 (see, Fig. 3(a)), multiple picks are observed in the
green curve (see, Fig. 5(a)). It occurs since the r0

p influences
resonance; the higher the ratio r0

p , the higher is the number
of resonating vertices in the absorption spectra. Later, upon
adding each double slitted rings, bandwidths expand. The
series inductances for double slitted ring, mutual inductances
between rings, gap capacitances, and capacitances among
rings all aid in enhancing absorption at the broader spectrum.
For the dielectric, the gradual change in refractive indices

FIGURE 5. Absorption spectrum (a) for design 1 - proposed design, and
(b) for varying slit positions in multi-ring based MMDs.

FIGURE 6. (a) The reflection and absorption spectrum, and
(b) components of complex normalized impedance of MMD.

tends to impede reflection at the interfaces and essentially
results in a comparatively thinner metamaterial absorber. For
normal incidence of EMwave, the final design of Fig. 3(e) has
the highest absorption bandwidth of 5.68 THz spanning from
4.42 THz and 10.10 THz, as provided in Fig. 6(a). The central
frequency between the two absorption peaks is 7.735 THz,
and the relative absorption bandwidth (RABW) 2(fMAX−fMIN )

fMAX+fMIN
[46] is 78.24%, where fMAX and fMIN represent the maximum
and minimum frequencies with greater than 90% absorption,
respectively. Hence, the recommended outcome tends to offer
ultra-wideband performance. Three different arrangements
of surrounding rings have also been presented in Fig. 5(b).
However, the double slits near the central ring in the proposed
design (see, Fig. 3(e)) significantly contribute to the capaci-
tance on the front plane and ensure a tight coupling of surface
current at the VO2 - air interface.
The appropriateness of our design parameters has also been

claimed by implementing the impedance matching theory to
it [47]. To this aim, the complex impedance of the MMD
(ZMMD) is evaluated from the simulated scattering properties
as:

ZMMD = ±

√
(1 + S11)2 − S212

(1 − S11)2 − S212
(9)

Having S21 equal to zero, in terms of normalized impedance
ZMMD, S11 and A can be written as:

S11 =
ZMMD − Z0
ZMMD + Z0

=
ZMMD − 1

ZMMD + 1
(10)

A = 1 − |S11|2 =
4Re(ZMMD)

[Re(ZMMD) + 1]
2
+ [Im(ZMMD)]

2

(11)

77922 VOLUME 11, 2023



S. M. Rakibul Hasan Shawon et al.: Switchable THz Guided Mode Enhancement

For capturing maximum power, our optimized double
dielectric-based structure requires matching its impedance
(ZMMD) to that of the free space (Z0). In line with this, for
the proposed optimized design, Fig. 6 demonstrates that at
frequencies showing maximum absorption (as in Fig. 6(a)),
the real and imaginary components of normalized impedance
values (see, Fig. 6(b)) are near unity and zero respectively.
To be specific, at the peak absorption frequency, 5.74 THz,
ZMMD = 1. It is worth noting that the electrical dimen-
sion of the height of the dual layer dielectric is 1/4 th of
the central wavelength (in the dielectric layer) 25.35 µm,
which meets the interference cancellation criteria between
the reflected and incident waves and maintains impedance
matching.

FIGURE 7. Electric field, magnetic field and surface current distribution
(bottom) at 9.73 THz for design1-proposed design.

To gain a better understanding on the propagation phenom-
ena, Fig. 7 further demonstrates the electric field, magnetic
field, and surface current distributions for all the designs at
9.73 THz. The localization of themaximum electric field near
the central ring is evident in Fig. 7 (Proposed MMAbsorber),
which points to ultrawideband performance.

For further validation of the broadband performance from
the optimized layout, the electric field on the top surface
and surface current distribution at the bottom polyimide-Au
interface are presented in Fig. 8. At 6.73 THz, the electric
field is mainly concentrated around the central hollow rings
and in the inter-ring gaps. In such a scenario, certain positive
charges can be equally arranged at the locations (marked by
‘‘O’’) where strong electric fields are imminent. Similarly,
surface currents, oriented along the -y direction and centered
upon the upper and lower parts of the peripheral rings act as
negative charges on the Au layer. Hence, the top and bottom
conducting surfaces form an electric dipole while EM wave
penetrates through the structure. This in turn initiates mag-
netic resonance and enables the device to act as an absorber.

FIGURE 8. (a) E field, and (b) surface current distribution at 6.76 THz.

To investigate polarization dependency, the proposed opti-
mized MMD is illuminated with a THz source of different
polarization angles ranging from 0◦ to 90◦. Having a symmet-
rical configuration, our design manifests itself as polarization
insensitive for both transverse electric (TE) and transverse
magnetic (TM) modes (see, Fig. 9).

FIGURE 9. The absorption spectra under different polarization angles for
(a) TE, and (b) TM polarization.

Effects of incident angle variations have also been taken
into account (see, Fig. 10). Here, the incident angles

FIGURE 10. The absorption spectra under different incident angles for
(a) TE, and (b) TM polarization.
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incrementally adjusted in a step of 3◦ from 0◦ to 90◦ cause
stable output till 56◦ and 64◦ for TE and TM polariza-
tion, respectively. Increased obliquity results in decreased
absorption.

As a closer view, Fig. 11 reports the response of MMD
at two distinct frequencies for two different polarizations.
It is observed that at 5.5 THz for TE polarization, over
40.6◦ absorption reduces to 0.9, and for TM polarization at
6.93 THz, similar things happens at 73.5◦. Here, an increase
in the incidence angles results in longer path lengths, and
hence the coupling effect gets lowered. This further reduces
dipolar resonance and electromagnetic wave confinement
within the dielectric layer. Nevertheless, the absorption of the
presented MMD in the TM mode is more effective compared
to the TE mode, regardless of the incident angle.

FIGURE 11. Frequency response at different incident angles at(a) TE
mode, and (b) TM mode.

Tunability has also been attained in the proposed MMD
since the conductivity of VO2 is temperature dependent.
The alteration of conductivity from 200 S/m to 2 × 105 S/m
induces a modification in the permittivity of VO2, thereby
leading to a corresponding variation in the reflection and
absorption spectra of the MMD and a 96% bandwidth
enhancement (4% to 100%) has occurred at the same central
frequency as shown in Fig. 12(a)-(b).
Upon observing some key properties of ultra-wideband,

polarization-insensitive, and tunable THz MMD, to perform
a parametric analysis of the design parameters is essential.
For this intent, a systematic study has been conducted in
steps: initially, optimization of the dielectric layers, both in
terms of thickness and material properties, is accomplished.
Later, the dimensions of VO2 are adjusted. Fig. 13(a)-(b)
shows the influence of the thickness of the lower (t2) and
upper dielectric layer (t3) on the absorption bandwidth. Here,
it is apparent that if t3 < 4.8 µm, the bandwidth falls
off. On the contrary, if t2 is greater or below 1.9 µm,
the near unity absorption does not persist for the whole
spectra. This indicates that the total thickness (t3 + t2)
should be near λ

4 to agree to impedance matching theory.
For the selection of materials, besides PTFE, four different
dielectrics (see Table 3) are also chosen on top of poly-
imide. As shown in Fig. 13(c), obtained bandwidths are
0.77 THz, 3.91 THz, 4.02 THz, 4.57 THz, and 5.68 THz for
Si, SiO2, Polyimide, Topas, and PTFE respectively. Having
the lowest dielectric constant compared to other elements,

FIGURE 12. (a) The reflection spectrum, and (b) absorption spectrum with
different conductivities of VO2.

FIGURE 13. The influence of (a) lower dielectric layer thickness t2,
(b) upper dielectric layer thickness t3, (c) different material in the upper
dielectric layer, (d) top resonating surface thickness ts, (e) ring radius r1,
and (f) ring width w1.

TABLE 3. Permittivity value of different dielectric materials.

PTFE represents itself as the lightest media and aids in
improving absorption for higher bandwidth in subwavelength
thickness.

The top pattern of the proposed geometry has been modi-
fied in terms of the radius and thickness of the VO2 rings to
access the shift in performance from the optimized state. The
study has been accomplished at temperature T = 350 K with
the conductivity of VO2 as 2 × 105 S/m (see, Fig. 13(d)-(f)).
Firstly, the middle ring radius (r1) has been changed,
indicating that r1 = 9 µm causes the highest bandwidth with
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the highest absorption. Though widening the radius enhances
the absorber’s absorption bandwidth, the overall absorption
efficiency degrades due to the change in coupling with the
surrounding rings. Next, the slit width (w1), as equal to the
ring width, is adjusted (see, Fig. 13(f)), and it is shown that
w1 > 2 µm results in dual bandwidth due to the reduction of
the coupling effect in the gap ring. As the slit gap w1 rises
at the concerned spectra, capacitance lowers, and so is the
bandwidth. A similar occurrence takes place for w1 < 2 µm
due to the rise of parasitic capacitance. Unlike (t1), the middle
ring width (w2) does not significantly impact the absorber
performance. Similar to any microstrip structure, the absorp-
tion bandwidth is substantially influenced by the thickness of
the VO2 rings, as shown in Fig. 13(d).
The schematics of the transmission line and equivalent

circuit model are provided in Fig. 14(a) and (b). Based
on the basics of transmission line theory [49], the input
impedance of the dual layer dielectric, ZinD , can be repre-
sented using (12).

ZinD = jZD tan(ktD) (12)

Here, ZD represents the characteristic impedance of the
combined dielectric of total thickness tD while k indicates
the propagation constant. Similarly, the input impedance of
the proposed design can be mentioned in (13):

ZMMD =
jZVO2ZD tan(ktD)

jZD tan(ktD) + ZVO2

(13)

where ZVO2 indicates the surface impedance of the VO2 based
top layer. The top VO2 meta-surface with the periodic ring
shapes is modeled as parallel LC circuits with resistors to
indicate losses. The capacitance and inductance of the res-
onator are initially calculated using the standard expression
for coupled resonators from [50], and the resulting values
are further optimized to achieve the desired output. Here,
obtained values are, L1 = 1.1963 pH and C1 = 0.432 fF,
L3 = 0.54 pH and C3 = 0.957 fF, L5 = 0.51128 pH and
C5 = 1.011 fF, L7 =0.54 pH and C7 = 0.9572 fF, and
L9 = 1.1963 pH andC9 = 0.432 fF. Since the distance among
the rings is in the subwavelength range, magnetic coupling
and hence coupled inductance becomes prominent [51]. Upon
trial and error analysis, the achieved coupled parameters of
Fig. 14(b) are set as L2 = 1.1963 pH, L4 = 2.271 pH, L6 =

2.271 pH, L8 = 1.892 pH, C2 = 0.273 fF, C4 = 0.2275 fF,
C6 = 0.2275 fF, C8 = 0.273 fF.
The circuit model also incorporates the coupling capaci-

tance C between the top VO2 meta-surface and the bottom
gold layer. The double dielectric layer is represented by
the transmission line ZinD . In comparison to the full wave
simulation performed in CST microwave studio, the equiv-
alent circuit of the optimized MMD has been modeled using
Keysight AdvancedDesign System (ADS), and performances
have been evaluated in terms of S11 (see, Fig. 14(c)) (as
provided in (10)). It is evident from Fig. 14(c) that in ideal
scenario, with no loss being taken into account in individ-
ual LC resonators, the absorption bandwidth is narrower in

FIGURE 14. (a) Transmission line, (b) equivalent Circuit model of the
proposed MMD, and (c) comparison in absorption spectra obtained from
CST and ADS.

FIGURE 15. (a) Modulation depth (Md ), and (b) Extinction ratio (ER) as a
function with frequency.

equivalent circuit model than that in CST. In contrast to
full wave simulation scenario, lumped network is taken into
account by the equivalent circuit model, which also causes the
performance to vary. Upon determining the optimal resistive
values, R1 = R5 = 5�, R2 = R4 = 1.8�, and R3 = 1.5�,
through trial and error procedure, reasonable agreement has
been achieved.

To demonstrate the feasibility of our demonstrated design
in the state-of-the-art EM light modulators, modulation depth
(Md ) and the extinction ratio (ER) are estimated in (14) and
(15) [52], [53]:

Md = RINS − RMET =
RPMAX − RPMIN

PINC
(14)

ER = −10 log10
RPMAX
RPMIN

= −10 log10
RINS
RMET

(15)

Here RINS and RMET indicate modulator reflection for
VO2 in insulated and in metallic states, respectively. RPMAX ,
RPMIN and PINC define the maximum reflected power
(VO2 as insulator), the minimum reflected power (VO2 as
conductor), and the incident power respectively. Practically,
the lower and upper threshold values of Md and ER are
0.9 and−7 dB, respectively [54]. It is evident from Fig. 15(a)
that the MD of the designed modulator is above 0.9 From
4.63 to 6.74 THz and 9.5 to 9.94 THz. Similarly, Fig. 15(b)
shows the ER of the absorption peaks f1, f2, f3, and f4 are
−23.05 dB,−10.5 dB,−16.01 dB, and -6.63 dB respectively.
Hence, it can be concluded that the proposed MMD has huge
scope in ultrawideband modulation technology.

Based upon this comprehensive study, a comparison table
has been presented in Table 4, flaunting the unique proper-
ties of the proposed ultrawideband device as a metamaterial
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TABLE 4. Comparison of absorption performance with different
VO2-based wideband absorbers.

absorber. Here, all the works achieve tunability due to the
presence of temperature dependent VO2. Such switchable
operation can also be accomplished considering photocon-
ductive effect [32], gravity field effect, [33] etc.

IV. CONCLUSION
A systematic design of a dynamically tunable ultra-wideband
terahertz metamaterial device, enabling enhanced guided
wave propagation, is presented in this work. The presented
design showcases a maximum of 5.68 THz bandwidth rang-
ing from 4.42 to 10.10 THz. Incorporating temperature
sensitive VO2 in a symmetrical pattern led to tunability
and polarization insensitivity. The Unavailability of experi-
mental resources at the concerned spectrum in the author’s
country has been greatly compensated by validating the
results with equivalent circuit theory. Thanks to its scal-
able design approach for fabricating multifunctional meta-
material devices, this work makes a significant contribution
to the field of ultrathin broadband artificially engineered
structures.
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