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Considering that the metastructures (MSs) previously proposed usually perform in a single state, herein, a multi-
functional and tunable ultra-broadband linear to circle (LTC) polarization converter based on phase transition
material vanadium dioxide (VO2) is proposed in the terahertz (THz) region. By manipulating the temperature, the
function of the LTC polarization conversion (PC) can be conveniently switched between transmission and reflec-
tion states. When the environment temperature is low, VO2 presents the insulating state, and the MS can achieve
ultra-wideband LTC PC from 0.57–0.83 THz with a relative bandwidth (RB) of 37.3%. When the temperature
exceeds 68◦C, LTC PC with the frequency bandwidth of 0.83–1.20 THz and 0.83–1.17 THz can be obtained in a
reflection state when electromagnetic waves propagate forward and backward, whose RBs are 36.4% and 34.0%,
respectively. Meanwhile, a broadband linear to linear (LTL) PC can also be realized in the range of 1.19–1.41 THz
for the forward incident wave and 1.16–1.37 THz for the backward incident wave. The designed MS offers an effec-
tive method to realize four different functions and has tremendous potential value in realizing THz modulation
devices, electromagnetic cloaking, and communication systems. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAB.481286

1. INTRODUCTION

Benefiting from the sub-wavelength periodic structure [1],
electromagnetic (EM) metamaterial can be designed as syn-
thetic composite structures with arbitrary permittivity [2] and
magnetic permeability [3], thus possessing numerous exotic
properties and functions that are not found in nature. A metas-
tructure (MS) is a three-dimensional metamaterial, which has
developed from a metasurface. Hence, the MS plays an essen-
tially standing role in antennas [4], absorbers [5], polarization
conversion (PC) [6], and remote sensing [7], which has become
a novel research hotspot. With the rapid proliferation of tech-
nology and science, the application of EM waves is becoming
increasingly common. Thus, controlling and manipulating the
polarization states of EM waves is particularly critical. Many
polarization converters have been proposed to obtain superior
performances in EM applications [8–10]. Due to the cum-
bersome volume [11] and the demanding requirements for
materials, the conventional EM polarization converter, which is
achieved with twisted nematic liquid crystal [12] and dichroic
solid crystal [13], cannot meet the basic needs of our daily life.
Fortunately, consisting of periodic sub-wavelength units, the
MS provides a better platform for us to overcome the tough

situation confronted by the limit of bulky volume and unlock
the key bottleneck of manipulation of EM characteristics.

In the advancement of terahertz (THz) functional devices, it
has been confirmed that THz waves have two different polari-
zation states [14,15]. In addition to linear polarized (LP) waves
with more availability and universality, the research on circularly
polarized (CP) waves is extensive and in-depth as well due to the
robustness and chirality. Polarization converters, which can con-
trol the characteristics of EM waves such as phase, amplitude,
and state, are widely applied in responding to increasingly com-
plex EM circumstances and communication demands [16,17].
Up to this day, it has not been an uncommon occurrence to
explore various design schemes of PC already [18,19]. For
instance, a linear polarization converter was proposed by Grady
et al . [20] in 2013, which was made of short metal wires in the
reflection state, realizing the change of polarization state in the
range of 0.8–1.8 THz. Zhang et al . [10] presented a reflective
polarization converter that contains disk resonators and split-
ring resonators with a 76.19% relative bandwidth (RB) in 2016.
Based on crescent-shaped MSs, Nguyen et al . [21] proposed a
wideband reflective linear polarization converter, and experi-
ments have proved that the polarization conversion rate (PCR)
is more than 90% for a wide bandwidth of 6 GHz covering the
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entire Ku-band. Apart from linear to linear (LTL) polarization,
the manipulation of CP waves is also quite meaningful and sig-
nificant. By virtue of numerous irreplaceable advantages, such
as low sensitivity to multiple paths and atmospheric effects of
reflection and absorption, CP waves have become more popular
in civilian and military applications. In 2021, Wang et al . [22]
successfully introduced a structure with two metal strips and
an I-shaped strip to obtain reflected CP waves in the ranges of
15–21.2 GHz and 27–30.3 GHz. A dual-rotational-direction
linear to circle (LTC) polarization converter was designed by
Liu et al . [23] in 2022, which operates in dual-band in 29.0–
41.5 GHz and 52.5–61.5 GHz. In summary, though having a
relatively wide bandwidth, these polarization converters only
operate in a single function or state.

Nevertheless, due to the complex working environment and
the trend of integration, converters with only a single function
or fixed operating band appear fatigued to meet the vigorous
technological evolution. By virtue of the research into tunable
materials, there are various methods to make the device multi-
functional, including but not limited to electric fields [24],
temperature [25], and illumination [26]. Vanadium dioxide
(VO2) is recognized to exhibit its thermally driven phase tran-
sition from insulator to metal when the critical temperature
approaches nearly 68◦C [27–29]. In general, VO2 presents the
insulating or the semiconducting state when the temperature is
below 68◦C. In this condition, it is considered that the conduc-
tivity of VO2 with the monoclinic lattice structure is 0 S m−1

[30]. Conversely, when the temperature exceeds 68◦C [31],
the structure of VO2 is rearranged into a tetragonal lattice [32].
Then, VO2 behaves as a metallic state, and the conductivity
can be approximated as 3× 105 S m−1 [33,34]. VO2 stands
out for its rapid and sudden phase transition, which has a low
phase transition temperature and can be easily achieved by
thermostats. The tunable conductivity of VO2 causes it to have
a wide range of potential applications in electronic [27] and
optical [33] devices. To elucidate, Yahiaoui et al . [35] presented
a LTL single-layer THz metasurface, whose operating band
can be broadened as the VO2 transforms from the insulator to
the metallic phase. Moreover, a reflective dual-functional THz
device based on VO2 is presented by Yan et al . [36], which can
convert from LTL PC to LTC PC as the temperature rises.

By virtue of the phase transition material of VO2, the con-
verters mentioned above surmount the untenable defect of
conventional polarization converters [37]. Nonetheless, they
are merely operating in a single reflection or transmission state.
Since there are few studies on the converter whose function can
combine transmission and reflection simultaneously, herein,
a multifunctional and tunable ultra-broadband polarization
converter is proposed in this paper. By manipulating the phase
transition of VO2, the proposed MS possesses four different
functions, and CP waves can be obtained both in the transmis-
sion and reflection states while the linear waves are incident.
VO2 is inserted into the middle layer so that the function states
can be switched between transmission and reflection states
conveniently at different temperatures. With a RB of 37.1%,
the proposed MS achieves the axial ratio (AR)<3 dB operating
bandwidth region from 0.57 THz to 0.83 THz in the transmis-
sion state when VO2 is at a low temperature. As the temperature
exceeds 68◦C, the VO2 presents a metallic state, which means

that the MS function is in a reflection state. For the forward
and backward propagation incident EM waves, LTC PC in the
frequency band range of 0.83–1.20 THz and 0.83–1.17 THz
can be realized with RBs of 36.4% and 34.0%, respectively.
Meanwhile, the LTL PC can also be achieved in the broadband
of 1.19–1.41 THz with a RB of 16.9% for the forward incident
waves and 1.16–1.37 THz with a RB of 16.6% for the backward
incident waves. Such a MS possesses the merits of multifunc-
tional collaborative processing and wide operating frequencies,
enriching the design of multifunctional devices and providing
potential applications in the THz region [24,33,36].

2. STRUCTURE

The schematic view of the proposed MS is manifested in Fig. 1,
demonstrating certain information regarding the incident
waves. In general, the MS consists of three dielectric substrates
with different thicknesses. The lossy polyimide with permit-
tivity of 3.5 and loss tangent of 0.0027 [38] has been chosen
as the dielectric material. Besides, a multi-metal layer struc-
ture is adopted by the MS, and gold with a conductivity of
4.561× 107 s/m [39] is used as the material of the metal res-
onators, which are depicted in yellow. The period is designed as
p = 80 µm, and the metallic plates are 0.2 µm thick as revealed
in Fig. 2(d).

To grasp the composition of MS more evidently, in Fig. 2,
the detailed schematic views of the mentioned MS unit from
different perspectives as well as some parameter values are
demonstrated. In Fig. 2(a), the arrangement relationship
between the layers can be derived from the disassembled view of
the MS. And the top metal resonator is X-shaped, as manifested
in Fig. 2(b). Then, the second metal resonator is two pairs of
C-shaped resonators with different sizes, which are placed on
the dielectric substrate in Fig. 2(c). The opening sizes of the
split resonators are c 1 = 10 µm and c 2 = 8 µm. Apart from
the resonators in Fig. 2(c), the L-shaped backing plates, which
highlight with bright blue, serve as connections and supports of
the adjacent substrates. Accordingly, an air layer approximately
forms between the two dielectric substrates. In this way, the
phase or amplitude of the incident EM waves can be effectively
adjusted. In Fig. 2(e), the middle gold layer is composed of a
hollow metal piece together with the tunable material VO2,
which ensures that the proposed design can be switched between
the transmission state and reflection state by manipulating

Fig. 1. Schematic view of the MS for the incident TE wave.
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Fig. 2. Schematic views of the mentioned MS as observed from different perspectives: (a) decomposition view of the unit; (d) side view of the unit.
(b), (c), (e), and (f ) are the decomposition views of the unit.

Table 1. Detailed Parameters and Values of the
Proposed MS

Parameters p w r0 r1 r2

Value (µm) 80 0.2 34 20 14

Parameters h1 h2 h3 h4 r3

Value (µm) 6 1.2 13 18 10

Parameters r4 r5 r6 θ l1

Value (µm) 7 12 16 45◦ 70

Parameters w1 l2 w2 a b

Value (µm) 7 15 6 40 3

the temperature. And the bottom resonators also choose an
X-shaped structure as the main resonant part and additionally
contain a pair of C-shaped split resonator rings as demonstrated
in Fig. 2(f ). All the resonators are placed in a 45◦ direction off
the y axis, and further details on the structural parameters are
presented in Table 1.

3. RESULT AND THEORETICAL ANALYSIS

To realize the control of the polarization state of THz waves, it
is necessary to deduce the PC principle of LTC polarized waves.
Regarded as a linear combination of the TE and TM waves, in
other words, a CP wave can be decomposed into two orthogonal
LP waves. Assuming that a LP wave is vertically incident at a
polarization angle of 45◦, the incident EM wave can be split
into TE and TM waves equally. Herein, the transmission state is
selected as an example. After the PC of the MS, the transmitted
wave can be expressed as follows [10,40]:

E t = ExtEe x + E ytEe y = txxe jϕxx ExincEe x + tyye jϕyy E yincEe y , (1)

tij =

∣∣∣∣ E it

E jinc

∣∣∣∣ , (2)

wherein t refers to the transmission state, the subscript j means
the polarized states of the incident waves, and the subscript i
refers to the polarized states of the transmitted waves. So, txx and
tyy represent the unpolarized conversion part of the TE and TM
waves, respectively. Additionally, ϕxx and ϕyy are expressed as the
phase of the TE and TM waves.

To calculate the polarization state of the transmitted wave, the
corresponding formulas are used as follows [40]:

S1 = |txx|
2
+

∣∣tyy∣∣2
, (3)

S2 = |txx|
2
−

∣∣tyy∣∣2
, (4)

S3 = 2 |txx|
∣∣tyy∣∣ cos(1ϕ), (5)

S4 = 2 |txx|
∣∣tyy∣∣ sin(1ϕ). (6)

If Eqs. (7) and (8) are simultaneously satisfied (where n is the
integer) [10,40], the condition of S4/S1 = 1 will be achieved.
Eventually, the LTC PC can be realized,

txx = tyy, (7)

1ϕ = ϕyy − ϕxx = 2nπ + 0.5π . (8)

Generally, there are two indices usually adopted to judge the
quality of LTL PC and LTC PC, which are called the PCR and
AR separately, as shown in Eqs. (9) and (10) [10,38,40]:

PCR=
t2
xy

t2
yy + t2

xy + r 2
yy + r 2

xy
, (9)

AR= 10 lg

(
tan

(
1

2
arcsin

(
S4

S1

)))
. (10)
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Fig. 3. Illustration of the four operating functions of the MS.

Normally, the operating band with AR< 3 dB is called the
portion with a good circle characteristic, and the frequency band
with a PCR greater than 90% is generally hoped to meet the LTL
PC standard.

To better demonstrate the four functions of the proposed
MS, Fig. 3 exhibits the wave propagation and PC information
in different colors. By adjusting the environment temperature,
VO2 transforms from an insulating state to a metallic state, thus
realizing a MS switch from the transmission to reflection.

Function ¬ is to achieve LTC PC in the transmission state
under the low ambient temperature condition. Moreover, func-
tions –¯ are obtained when the VO2 of the MS is thermally
excited, operating in the reflection state. Functions  and ®
are both anticipated to realize LTC PC. However, it is worth
mentioning that the propagation directions of the incident
waves under the two functions are quite different on the ground
that  is forward and the other is backward. So, it is feasible to
take more comprehensive advantage of the MS when the inci-
dent waves are in different directions. In comparison to ¬–®,
function ¯ has a completely different implementation in that
it can generate the LTL PC from the y axis to the x axis with a
broad working bandwidth for the waves of different incident
directions. More intuitive information can be found in Table 2
below, and other details will be discussed in the later sections.

A. Function ¬ for the Forward Propagating in the
Transmission State

To start with, when the MS is at a low environment temperature,
VO2 is insulating. In this condition, the conductivity of the
VO2 is taken as 0 S m−1. Therefore, the VO2 in the middle layer

can be considered as a transparent substrate, which can function
to transmit.

In Fig. 4(a), the magnitudes of co-polarized and cross-
polarized transmission coefficients (tyy and txy) are exhibited.
The red curve denotes the amplitude of tyy while the amplitude
of txy is depicted by the blue line. The transmission coefficients
are approximately equal from 0.57 THz to 0.83 THz, with a RB
of 37.3%. The two curves fit very well especially from 0.63 THz
to 0.73 THz, which extremely satisfies the equal amplitude
condition in Eq. (7). Meanwhile, as exhibited in Fig. 4(b), the
changing trend with the curves of ϕxy and ϕyy is consistent,
and the phase difference 1ϕ = ϕxy − ϕyy is about 2nπ − π/2,
which means that Eq. (9) can also be satisfied simultaneously. As
a result, the value of AR can be obtained in Fig. 4(c) by combin-
ing the amplitude and phase conditions. The AR drops to 3 dB
at 0.57 THz and continues to decrease, reaching the resonance
point at 0.71 THz. The value of AR is nearly dipped to zero,
which means that a perfect CP wave can be generated at the res-
onance point. The operating bandwidth where AR is less than
3 dB is 0.57–0.83 THz with a RB of 37.3%, utilizing Eq. (10 )
for calculation, which reaches the ultra-wideband target.

To further expound the indispensability of the multi-metal
layer structure and L-shaped backing plates, the phase diagram
of the structure in which the X-shaped resonator and two pairs
of C-shaped resonators are in the same top layer is also given
in Fig. 4(d). Compared with Fig. 4(b), the overall phase shifts
slightly to a higher frequency. Moreover, the phase matching
deteriorates sharply on the edge of the high-frequency band
highlighted by the black circle. Therefore, a multi-metal layer
structure is required to increase the design freedom. Benefiting
from these measures, the phase condition can be improved, and
the operating band can be effectively broadened in this way.

To illustrate the working mechanism more clearly, the
instantaneous electric fields at 0.71 THz are demonstrated
in Figs. 5(a)–5(d) when VO2 is at a low temperature. In the
transmission state, the four-layer structure areas all partici-
pate in resonance on the account that all of them contain the
strongest part of the electric field concentration at the resonance
frequency. As manifested in the characteristics of the EM dis-
tribution map, it can be regarded that there are two opposing
electrodes. The part with a strong electric field can be seen as the
positive electrode, and the part with a weak electric field can be
considered as the negative electrode. So, it is feasible to deduce
the direction of the electric field from the figure, as noted by the
black arrow. The directions of the electric fields on the x axis are
opposite in Figs. 5(a) and 5(b), which means a circulation can
be approximately formed between the two layers. Therefore,
induced magnetic fields are generated, and the magnetic dipoles

Table 2. Function Menu of the Designed MS

The Direction of the
Incident EM Waves Function Propagation State Type of PC VO2 Is Excited

Operating
Bandwidth

Relative Band
(RB)

Forward ¬ Transmission LTC × 0.57–0.83 THz 37.3%
Forward  Reflection LTC

√
0.83–1.20 THz 36.4%

¯ Reflection LTL
√

1.19–1.41 THz 16.9%
Backward ® Reflection LTC

√
0.83–1.17 THz 34.0%

¯ Reflection LTL
√

1.16–1.37 THz 16.6%
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Fig. 4. Diagrams of (a) the amplitude, (b) the phase, and (c) the AR curves in function; (d) phase of the previous structure.

Fig. 5. Instantaneous electric field distributions in (a) the upper
layer, (b) the second layer, (c) the middle layer, and (d) the bottom of
the metal resonator at 0.71 THz in the transmission state.

are denoted by m1 and m2. Both induced magnetic fields can be
decomposed into an x axis component and a y axis component.
Between them, the x component is vertical to E , the incident
electric field, so no PC occurs. However, the y axis component
is parallel to E , thus creating the PC. Similarly, the electric
field distributions of the remaining two layers are exhibited in
Figs. 5(c) and 5(d). The electric field and the distribution of the
two groups of electrodes are nearly the same, which can be seen
approximately as forming electric resonators. Similarly, after
decomposing the induced electric field into an x axis compo-
nent and a y axis component along the coordinate axes, the part
of the x axis component is perpendicular to E , contributing to
the PC. And the part of the y axis component is parallel to E ,
achieving no PC.

Actually, not all EM waves will be vertically irradiated on the
polarization converter in practical engineering, so maintaining
performance stability under different conditions of the angle
incidence is also essential. Figure 6 displays the variation in the
AR change with the increase of the incident angle (IA). The
bandwidth of AR< 3 dB remains slight change while increas-
ing the incidence angle to 30◦. When the IAs are greater than
30◦, the deterioration of 3 dB frequency band does not appear.
Instead, there is a band extension from 0.47 THz to 0.89 THz
due to a significant expansion in the low-frequency region, and
the RB increased from 37.1% to 61.8%. Therefore, it maintains
outstanding CP characteristics, indicating the robustness of
large-angle incidence. Benefiting from this property, the men-
tioned MS possesses bright potential application value in many
practical occasions, such as wavefront detection, biomedical
imaging, and atmospheric environment detection.

Fig. 6. Diagram of AR with IA increased in the function.
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B. Functions ( and ¯) for the Forward Propagation
in the Reflection State

Nevertheless, the VO2 sheet switches into the metallic phase
when the temperature exceeds 68◦C. With a conductivity
of up to 3× 105 S m−1, VO2 behaves as a reflective metal
substrate that is capable of manipulating both forward and
backward propagating EM waves in the design. In other words,
this change successfully realizes the switch of transmission and
reflection functions. In this section, the reflection of the forward
propagation wave is mainly discussed.

For forward propagation, two functions of PC can be
achieved in different bands. Herein, Figs. 7(a)–7(c) vividly
demonstrate the amplitude, phase, and AR of the forward
reflection waves when LTC PC occurs. As highlighted in the
orange area, the value of rxy is close to the ryy. In the meantime,
it is sensible to take the transmission response into account for a
more comprehensive judgment. The transmission coefficients
tyy and txy are both less than 0.1 in the operating band, which
indicates that the transmission response is so weak that it can be
ignored to a certain extent. As to the phase difference, the ϕyy

and ϕxy keep the same rate of descent, maintaining a 90◦ phase
difference continuously in Fig. 7(b). By combining the condi-
tions of amplitude and phase, the MS achieves the AR< 3 dB
band from 0.83 THz to 1.20 THz. The first frequency point
is at 0.89 THz and remains below 0.1 until 1.12 THz, which
satisfies good CP wave characteristics. By virtue of 36.4%
RB, the MS meets the ultra-broadband indicator. The phase
condition of the structure whose resonators are all on the top
substrate layer is relatively messy as revealed in Fig. 7(d), which is
conspicuous compared with Fig. 7(b). As mentioned above, the
air layer supported by the L-shaped structure plays a crucial role
in improving the phase by introducing optical path differences.
Meanwhile, the change of the optical path difference implies
the phase difference. As a result, the L-shaped backing plates are
placed diagonally across the structure, effectively ameliorating
the phase of rxy, while having little effect on the phase of ryy.

Moreover, the broadband of LTL PC can be achieved in the
range of 1.19–1.41 THz. When there are EM incidents, the
reflection amplitude curves are represented by the red and blue
curves while the pink and purple curves describe the reflection
phase in Fig. 7(e) and the curve of PCR is exhibited in Fig. 7(f ).
The amplitude of the cross-polarization reflection rxy is over 0.8,
and the co-polarization reflection ryy is adjacent to 0.15, with
1ϕ of φ, which means the phase difference is basically satisfied.
In 1.24–1.36 THz, the PCR curve draws near to 1, thus getting
the broadband of LTL PC.

To get a deeper comprehension of the PC mechanism, the
surface currents of function , which works in the forward
reflection, provide a valuable illustration at 0.89 THz in Fig. 8.
The current components along the axes are indicated by red
arrows, and the overall surface current flow is represented
by black arrows. Meanwhile, the current that has little effect
on resonance is omitted for clearer analysis. As displayed in
Fig. 8(a), the generating surface current I1 flows down at a 45◦

angle along the edge of the top resonator. In Fig. 8(b), I2 flows
down along the edge of the C-shaped split resonator, which is
also down 45◦ as well. As to the VO2-integrated gold sheet in
Fig. 8(c), the surface current I3 is inclined 45◦ upward along the
material boundary, whose direction is roughly opposite to the
current I1 and I2. Thus, these opposite currents are expected
to generate magnetic moments and induce a magnetic field H
according to the right-hand rule. The magnetic field is decom-
posed into components along the y axis and along the x axis,
denoted by H y and H x . The H x in the x direction is perpen-
dicular to E without polarization. The H y in the y direction
is parallel to E , which will generate an electric field in the x
direction, thus contributing to LTC PC.

Similarly, surface currents at 1.31 THz, which are displayed
in Fig. 9, provide a valuable illustration of the principle for the
forward LTL PC. In like manner, the current components along
the axes are indicated by black arrows, and the overall surface
current flow is represented by red arrows. As is explicitly demon-
strated in Fig. 9(a), the surface current changes dramatically in
this case compared to Fig. 8(a) whose current flows from top

Fig. 7. Diagrams of (a) the amplitude, (b) the phase, (c) and the AR and (d) the phase of previous structure for the function . The diagrams of
(e) the amplitude and phase, and (f ) the PCR for the function ¯.
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Fig. 8. Surface current diagrams of function : (a) on the top layer, (b) on the middle layer, and (c) on the bottom layer at 0.89 THz.

Fig. 9. Surface current diagrams of function ¯: (a) on the top layer, (b) on the middle layer, and (c) on the bottom layer at 1.31 THz.

to bottom. The current generating surface current I1 flows up
at a 45◦ angle, as well as the direction of I2 on the middle layer.
Nevertheless, the direction of I3 on the VO2-integrated gold
sheet is opposite to I1 and I2, which is likely to form a circulation
and generate magnetic moments, thus inducing a magnetic field
H. Then H can be decomposed into components along the y
axis and x axis, denoted by H y and H x . Considering that H x

in the x direction has the opposite direction to E , the original
y -polarized LP wave is weakened. Meanwhile, a new electric
field will generate in the x direction on the ground that the H y

in the y direction is parallel to E , thus contributing to LTL PC.

C. Functions (® and ¯) for the Backward
Propagation in the Reflection State

The fruitful progress and breakthrough toward the wave of
manipulation in transmissive or reflective converters have facili-
tated strong aspirations toward full-space wave control, not just
in half-space. Herein, for a backward incidence, the backside of
the MS can be utilized to obtain functions ® and ¯.

Similar to the forward reflection, LTC PC and LTL PC can
be implemented as well for the backward incident waves. The
curves of the amplitude, phase difference, and AR are revealed in
Figs. 10(a)–10(c). In the range of 0.83–1.17 THz, the phase dif-
ference of ryy and rxy curves, whose values are approaching each
other, is satisfied with a 90◦ phase difference synchronously. In
like manner, the transmission response is weak on the ground,
and the corresponding transmission coefficients both stay below
0.1 in the operating band. In addition, the operating band of
the AR< 3 dB ranges from 0.83 THz to 1.17 THz with a RB
of 33.54%, and the AR at the resonant point is almost equal to
zero, which has excellent CP characteristics. Function ¯ of a
broadband LTL PC can be obtained too in 1.16–1.37 THz. The
information about the PCR is manifested in Fig. 10(d).

Moreover, on account that the dependence on the IA is a
key factor to assess the performance of a converter, the analysis
of the IA influence on the AR is within the scope of our dis-
cussion. Based on the IA of two reflection functions  and ®
noted above being relatively similar, their analyses of IA are
displayed in Figs. 11(a) and 11(b). Their 3 dB bandwidth of
AR remains basically invariant when the angle rises from 0◦

to 45◦, possessing favorable stability of a large IA. However, as
the IA continues to increase, a severe deterioration will occur
in the higher operating frequency band in both Figs. 11(a) and
11(b), contributing to a significant reduction in the band of
AR< 3 dB. Moreover, when the angle increases to 60◦, there is
a significant deterioration in the center of the working band in
Fig. 11(a). Their frequency bandwidth meets the requirement
only in the range of 0.83–0.94 THz finally. Chances are that,
when the IA is greater than 45◦, the original conditions such as
phase and amplitude are difficult to meet, leading to this upset
situation to appear. In view of the angular stability up to 45◦, the
IA of function  and function ® basically meets the standard of
large-angle incidence stability to a certain degree.

4. PARAMETER DISCUSSION

Through utilizing simulation software, the geometrical param-
eters of the MS are optimized to obtain the widest bandwidth
and the best performance of the AR as much as possible. It needs
to be emphasized that the thicknesses of dielectric substrates are
important variables on account that the AR is sensible to their
change of value.

Figures 12(a) and 12(b) depict the impact of parameter h3 on
the AR under transmission and reflection conditions, respec-
tively. With h3 changing from 11µm to 17µm, the effect on the
bandwidth of AR< 3 dB is not very significant, which remains
unchanged in the transmission state. However, in terms of CP
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Fig. 10. Curves plots of (a) the amplitude, (b) the phase, (c) and the AR for the function ®. The curves plots of (d) the amplitude and phase, and
(e) the PCR for the function ¯.

Fig. 11. Diagrams of AR with the incidence angle increased in the functions  and ®, respectively.

characteristics, it is undeniable that h3 = 11 µm and 13 µm
are better options compared to other values. In the forward
propagation reflection state, the band of AR< 3 dB decreases
sharply at high frequency as the value of h3 increases. The reason
is that, as the thickness of the upper layers of the MS increases,
it becomes more difficult for the forward transmitted and then
reflected waves to match the amplitude and phase conditions. It
is apparent that the AR remains around 0.5 in the range of 0.88
to 1.12 THz with h3 = 13 µm while the AR of h3 = 11 µm
is greater than 1 in this band. Thereby, the CP characteristics
are significantly enhanced compared to h3 = 11 µm although
the bandwidth is slightly reduced when h3 = 13 µm. In other
words, it is advisable to sacrifice a little operating bandwidth
for an obvious upgrade in CP characteristics. As a result, it is
more appropriate to select h3 = 13 µm. In like manner, the
changing trend of the AR varied with the dielectric thickness h4

from 15 to 21µm, and the identical span of 1.5µm is presented

in Fig. 12(c). For a comprehensive consideration to acquire
the best performance under the backward reflection state,
h4 = 18 µm is a sensible option in that it holds the advantages
of wide bandwidth and superior CP characteristics simulta-
neously in this case. Furthermore, the parameter w1 also has
a certain implication on AR under the three functions as dis-
played in Figs. 12(d)–12(f ). In general, the operating band of
the device is blueshifted as w1 increases, and perfect CP waves
can be achieved at the frequency point. Through comprehensive
consideration of the working bandwidth, CP characteristics,
and stable performance, w1 = 7 µm is the best choice. Other
parameters cannot contribute to an obvious impact, and the MS
is relatively insensitive to them.

Finally, to exhibit definite innovation concerning the pro-
posed MS based on VO2, Table 3 is given to make a comparison
between VO2 and other phase change materials, which helps us
better comprehend the situation of related work. Phase change
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Fig. 12. Parameters discussion about the effects of the height of the dielectric substrate h3, h4, andw1 on the AR under different functions.

Table 3. Comparisons between This Work and Reported Switchable and Multitasking Devices

Functions and Operating Bands

Refs. Phase Change Material External Variables Adjustment Object Absorber LTL PC LTC PC

[41] Graphene (THZ) Voltage LTL or LTC PC × 36.9–38.8 35.8–39.9
[42] LTL or LTC PC × 0.40–0.95 0.47–0.67
[43] Liquid crystal(GHz) Voltage Working point 11.04→ 10.21 × ×

[44] Working point 381.8→ 421.2 × ×

[45] ITO (GHz) —— Achieve absorb 3 20.8–54.1 ×

[36] VO2 (THz) Thermal LTL or LTC PC × 0.91–2.15 1.07–1.67
This work Transmission→Reflection × Broadband Ultra-broadband

material, external variables, adjustment objects, functions, and
operating bands in different works are all listed. It can be seen
that the devices proposed in many papers have excellent per-
formance, though the devices proposed in this paper also have
irreplaceable characteristics in that they can switch between
transmission state and reflection state, and there are four dif-
ferent functions of PC, which are not only limited to forward
propagation wave and have broad prospects for full-space
manipulation of EM waves.

5. CONCLUSION

In conclusion, a multifunctional MS that enables the ultra-
broadband LTC PC based on VO2 both in transmission and
reflection states is proposed. Comprehensive simulation results
demonstrate that the MS can implement AR< 3 dB band
from 0.57 THz to 0.83 THz with a RB of 37.3%. The MS is
switched from the transmission to reflection state when the
temperature exceeds 68◦C. In the reflection state, the operating
band of AR< 3 dB in the range of 0.83–1.20 THz and 0.83–
1.17 THz can be, respectively, obtained with RBs of 36.4%
and 34.0%, respectively, for the forward propagation and the

backward one. Meanwhile, the function of a broadband LTL
PC can be achieved. In addition, the polarization mechanisms
are illustrated based on electric field distribution and surface
current diagrams. And the influences of IA and the discussion of
structural parameters are manifested as well. Thus, the proposed
structure holds promising applications in EM wave steering,
THz modulation, stealth technology, communication systems,
and so on.
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