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In this paper, a novel technology based on the addition of air through-hole structures (ATSs) is proposed to opti-
mize the performance of polarization conversion. Based on the tree-shaped resonator (patch), the working band
can be moved and widened by adding the ATS with a certain radius. Among them, in terms of a theorem, angular sta-
bility, parameters, and so on, the detailed analysis of the metasurface whose ATS radius is 5µm is presented. Apart
from this, to highlight the superiority and the role of the ATS, the metasurface without ATS is also discussed iden-
tically as above. To be specific, due to the addition of ATS, the two original narrowbands, which are operating
at 0.725–1.013 THz and 1.225–1.423 THz (polarization conversion rate >90%), are widened into a complete
broadband (0.90–1.86 THz). In this case, the metasurface with ATS possesses a relative bandwidth of 69.6%. When
the linearly polarized wave is irradiated vertically on the metasurface, the electric field orientation of the wave is
converted by 90◦ from the x axis to the y axis. Therefore, the metasurface holds promising applications in radar,
communications, and so on. ©2022Optica PublishingGroup
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1. INTRODUCTION

In recent years, the electromagnetic wave (EMW) has made
significant breakthroughs in theories and considerable signs of
progress in applications. The theories of EMW have played a
pivotal role in optical imaging, wireless communication, etc.
[1–3]. As a significant phenomenon of EMW, polarization
has triggered research and discussions extensively and enthu-
siastically. Thus, the polarization converter that can transform
the phase and amplitude of the EMW is put forward [4,5]. To
ensure that the incident light travels a sufficient distance in
the optical medium, the conventional polarization converters
based on the Brewster effect and the birefringence principle are
generally bulky in size [6–8]. Moreover, it is accompanied by the
drawbacks of limited media for polarization regulation, narrow
working band, and low conversion efficiency [9,10]. In pace
with the continuous improvement in science and technology,
the development requirements such as microminiaturization
and integration are no longer satisfied [11]. However, the
emergence of artificial metamaterials overcomes the above-
mentioned shortcomings, which establish the basis for the
development of miniaturization and integration of devices
[12,13].

Metamaterials are artificial materials that are arranged and
combined with subwavelength structures as the basic units
[14–16]. Generally speaking, by adjusting the size and shape
of the basic unit, some physical properties that are non-existent
in natural materials, such as refractive index and permittivity

being negative, can be achieved [17–19]. Among them, the two-
dimensional metamaterials are known as metasurfaces, planar
metamaterial consisting of subwavelength plasmonic or dielec-
tric structures [20], which are extensive in usage [10,21,22].
On account of the aforementioned merits, the polarization
conversion devices are combined with metasurfaces to carry
out innovative designs [23–25]. Afterward, the designs of
polarization conversion metasurfaces have emerged endlessly.

Specific examples can be searched. A reflective metasurface
project provided with polarization conversion function was
proposed by Zhou’s research group in 2007 [26]. The device
possesses a three-tier structure, which can attain an excellent
polarization conversion effect at both 6.8 GHz and 12.7 GHz.
A rectangular resonant surface with an inclination angle of
45◦ in 2013 was proposed by Grady et al . The results of the
full-wave numerical simulations show that the cross-polarized
reflection is higher than 80% and the co-polarized reflection
is lower than 5% between 0.8 THz and 1.36 THz. Based on
the above-mentioned structure, a grating structured metasur-
face has also been proposed, which allows perfect anomalous
refraction [27]. In the following year, replacing metallic res-
onant patches with plasma for a super-surface was proposed
by Yang et al . Theoretically, the structure provides over a 98%
polarization conversion rate (PCR) in the short-wavelength
infrared band over 200 nm bandwidth. However, the material
has certain limitations when it comes to fabrication [28]. In
2016, the metasurface with asymmetric cross-shaped resonant
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structure [29] advanced by Zhang et al . was no longer confined
to single-frequency or multi-frequency operation. Specifically,
this metasurface possesses a PCR of over 80% in the 8.3–
14.3 GHz band with a relative bandwidth (RB) of 53.1%. In
addition, in 2018, Zhao et al . [30] proposed a kind of metasur-
face whose metal split rings nested outside the metal circularity.
In the band range of 0.65–1.58 THz, this design achieves a PCR
greater than 80% without a pump beam. In 2019, the T-shaped
resonant metasurface designed by Ako et al . achieved more than
80% PCR and the broadband effect at both normal and 45◦

incidence of EMWs [31]. Such polarized metasurfaces have
come out in an unending flow. However, some obvious short-
comings remain in the polarization conversion metasurfaces
described above. Generally speaking, when the metasurfaces
feature a high PCR, the operating range is multifrequency or
narrowband, while when the metasurfaces possess the broad-
band effect, the PCR is usually guaranteed to be above 80%.
Therefore, some novel optimizations are required for a polariza-
tion conversion metasurface to have both broadband effect and
high PCR.

In 2020, a cross-polarization converter designed by our team
[32] gained a superior PCR while achieving an ultra-wideband
effect. Eventually, the goal for the PCR to surpass 90% in the
working band of 0.63–1.50 THz was achieved. Additionally,
this paper proposes a reliable method (the addition of the second
layer resonant structure) to optimize the performance indicators
such as bandwidth, PCR, and angular stability of the metasur-
face, and a detailed comparison of the design before and after
optimization was performed. The following year, our team also
proposed a method to broaden the operating band by combin-
ing four units with similar structures but different parameters
[33]. This method enables the combined structure to achieve a
polarization conversion function in 0.91–1.67 THz with the
RB superior to that of the four units. Huang et al . in 2021 also
proposed a kind of metasurface to achieve band broadening
by multi-layered design. With composite pulse control, the
bandwidth (PCR > 90%) is expanded by 201% compared
to the single-layer structure when the number of multi-layers
reaches 7 [34]. The above-mentioned papers furnish novel ideas
for the realization of ultra-broadband and high PCR indica-
tors of polarization conversion metasurfaces. However, the
above methods also have certain drawbacks. The stacking and
combination of structures create larger cross sections.

In recent years, air cavity structures by specific design have
received mentions in bandwidth expansion and performance
optimization. In 2018, Liu et al . designed a metasurface unit
with a perforated structure [35]. When the original absorp-
tion peak and the size of the structure remain unchanged,
the structure produces a new near-perfect absorption peak
at high frequencies, thus enabling a multi-order absorption
mechanism. Zhang et al . designed an absorber in combina-
tion with the air cavity structure in 2020 [36]. The simulation
results show that the working band is broadened and some-
what blueshifted (from 4.65–8.86 THz to 5.35–13.08 THz)
when the cavity structure is added. In addition, the air cavity
structures and their complementary dielectric metasurfaces
are also used in many types of devices. Armelles et al . discussed
the magnetic field correction for photomagnetic dipoles using
Barbier’s principle [37]. Using the complementary dielectric

metasurface with the air cavity structures, a broadband unpo-
larized terahertz beam splitter designed by Wei et al. [20] and
Magnusson et al. [38] reviewed guided-mode resonant pho-
tonic lattices by addressing their functionalities and potential
device applications. However, the use of air cavity structures
in the design of polarization converters to enhance the PCR
and expand bandwidth is almost unheard of. Therefore, the air
cavity structures have left undeveloped application fields in the
polarization conversion metasurfaces of polarization detection,
antennas, imaging, and optical communication [39].

Under the condition that the resonant surface structure does
not alter, a means to optimize performance indicators such as
bandwidth and PCR by adding air through-hole structures
(ATSs) will be discussed in this paper. The described ATS opti-
mization technique will significantly constrain more electric
fields on the metal resonator, which enhances the magnetic
resonance strength along the diagonal direction so that more of
the incident field energy will be converted by the metal structure
into its cross-polarized form and be reflected. In addition, the
introduction of ATS will also bring additional cavity resonances.
In the coupling with the magnetic resonances, it will further
help in broadening the bandwidth and PCR. In this paper, a
kind of metasurface with a tree-shaped metal resonant patch
has been proposed for illustration. The simulation reveals that
the bandwidth whose PCR is higher than 80% ranges from
0.72 to 1.42 THz. However, when aspiring for more than 90%
PCR, the operating band is curtailed to two narrowbands of
0.725–1.015 THz and 1.225–1.423 THz. After that, a certain
number of ATS are designed in the intermediate dielectric layer.
By adjusting the radius of the ATS, it is easy to optimize the PCR
and the broadening and shifting of the operating band.

2. THEORETICAL MODEL

Simulations of the designs are carried out in HFSS, a com-
mercially available three-dimensional (3D) structural EMW
simulation software. By placing the boundary conditions on
the master-slave, the arrangement of the boundless period can
be accomplished. At a certain distance directly above the res-
onant unit, the Floquet port is provided to guarantee that the
polarization direction of the EMW is along the x axis.

Structurally, the unit of the proposed metasurface consists
of a resonator layer on the top and a reflector on the bottom,
which are separated by an intermediate dielectric substrate.
The reflective and resonant layers are gold with an electrical
conductivity of 4.561× 107 s/m [40], while the intermediate
dielectric layer is made of glass plates (normal lossy) with a
dielectric constant stable at 4.82 [41]. A further explanation
of this structural unit ensues in detail. The structural unit,
notably the surface resonant structure, is overall axisymmetric
along the u axis [the u axis deviated from the x axis by 45◦ as
shown in Fig. 1(b)]. The top resonator resembles the shape of a
tree, the “leaf” part of which is formed by cutting two circular
structures (radius set to b) from a rectangle and connecting it to
a rectangular “trunk” with the length and width of l and e . For
this unit, the ATS is a plurality of cylindrical air cavities formed
by scooping out the cylindrical structures from the intermediate
dielectric layer. The distance between the two through-holes is
set as parameter x . Besides, the radius of the through-holes is
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Fig. 1. Diagrams of the polarization converter in various angu-
lar versions: (a) periodic array diagram (3× 3); (b) overhead view;
(c) separated schematic diagrams of the three-tier structure.

Table 1. Characterization Parameters of the Designed
Polarization Conversion Unit with the Specific Values

Parameters h d p a

Value (µm) 30 0.3 70 24

Parameters r1 l e x

Value (µm) 16 16 2.4 10

Parameters c r

Value (µm) 5 5

set as r , whose value can be varied somewhat depending on the
desired bandwidth or other performance indicators. Figure 1(c)
also reveals several significant pieces of information regarding
the cell dimensions, whereby the cell length p = 70 µm, the
thickness of the dielectric layer h = 30 µm, and the thickness of
the metal part d = 0.3 µm. All information about structure can
be summed up explicitly from Fig. 1, which shows the 3D views
of the described polarization converter unit and periodic array.
Furthermore, more about the parameter values in detail is given
in Table 1.

3. ANALYSIS AND DISCUSSION

When analyzing the principle of polarization conversion, several
requisite variables are required to be defined and discussed.
First of all, when the incident polarized EMW (the electric
field is along the x axis) propagates along the line of the z axis
typically, the cross-polarized reflected coefficient is represented
by r y x , and the co-polarized reflected coefficient is written as rxx.
Similarly, the cross-polarized and co-polarized transmitted coef-
ficients can be denoted as tyx and txx, separately. At this point,
the PCR, one of the most significant indicators to measure the
effect of polarization conversion, is calculated by the following
formula [28]:

PCR=
r 2

yx

r 2
yx + r 2

xx + t2
yx + t2

xx
. (1)

Nevertheless, when the bottom layer of the structure is
designed as a metal plate, the transmitted wave is cut off. Thus,
the PCR equation changes to the following form [28]:

PCR=
r 2

yx

r 2
yx + r 2

xx
. (2)

According to the law of conservation for energy, r 2
yx + r 2

xx

will infinitely converge to 1 in the lossless case. Thus, by

transforming Eq. (2), we get PCR= 1−r 2
xx = r 2

yx. Typically,
the operating bands or frequency points where the PCR exceeds
0.9 are of value. Converting the criterion of PCR > 0.9 into the
reflected coefficient is expressed as

|rxx| ≤−10 dB. (3)

Second, when the incident polarization direction of the
EMW is along the u axis, the co-reflection amplitude is denoted
as |ruu|. Meanwhile, the co-reflection coefficients when the
above direction is along the v axis are defined as |rvv|. The
corresponding reflected coefficients are expressed as

ruu = |ruu| e jϕu , (4)

rvv = |rvv| e jϕv . (5)

In the case of lossless cross-polarized conversion, the values
of those amplitudes above are close to 1 [8]. (Since most of
the resonant surfaces designed to implement the polarization
conversion function are mirror-symmetric along the u and v

axes, ruv and rvu are both suppressed to 0.) ϕu and ϕv are the
co-polarized reflected phases. Then, the reflected wave Eq. (7)
can be derived from the incident EMW in Eq. (6) combined
with the definitions of Eqs. (4) and (5) as follows:

−→
E inc = E0(û + v̂)/

√
2, (6)

−→
E ref = E0

[
ûe jϕu + v̂e jϕv

]
/
√

2. (7)

We convert the u and v variables to x and y axis variables
according to the following rules:

û = (x̂ + ŷ )/
√

2, (8)

v̂ = ( ŷ − x̂ )/
√

2. (9)

Bringing Eqs. (8) and (9) into Eq. (7), the reflected wave
expression in terms of x and y vectors can be attained:

−→
E ref =

E0

2

[
x̂ (e jϕu − e jϕv )+ ŷ (e jϕu + e jϕv )

]
. (10)

At this point, based on the reflected wave Eq. (10), the
cross-polarized reflected coefficient and co-polarized reflected
coefficient are defined by the following specific formulas:

rxx =
e jϕu + e jϕv

2
, (11)

ryx =
e jϕu − e jϕv

2
. (12)

We solve Eq. (3) in conjunction with Eq. (11), while defining
phase difference 1ϕ = ϕu − ϕv . Ultimately, it is clear to know
that the evaluation criterion of PCR > 0.9 is met when the
phase difference condition satisfies Eq. (10):

180◦ − 37◦ ≤ |1ϕ| ≤ 180◦ + 37◦. (13)

The equations above [31,42] are the derivations of the rel-
evant theorems for polarization conversion. The subsequent
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Fig. 2. (a) Reflected amplitudes in co-polarization (rxx) and cross-polarization (ryx) under the normal incidence of an x -polarized wave, and (b) the
co-polarized reflected amplitudes and the phase difference under the normal incidence of u-and v-polarized waves of the metasurface without ATS.

Fig. 3. Schematic diagram of the PCR curves of the designed polari-
zation conversion metasurface in two structures.

is the specific numerical analysis of the proposed metasurface
in this paper. It should be noted that the blue areas in Figs. 2
and 3 mark the operating band (PCR > 0.9) of the respectively
described metasurfaces.

Simultaneous adjustment of amplitude and phase is nec-
essary if the propagation of EMWs is to be fully controlled
[42]. The polarization conversion metasurface without ATS
is investigated at first. The information depicted in Fig. 2 is
about the reflected coefficients. As observed in Fig. 2(a), the
amplitude of the cross-reflected coefficient is represented by
the blue line, which increases significantly and approaches 1
in the range of 0.725–1.423 THz. In contrast, the amplitude
of the co-polarized reflected coefficients indicated by the red
line decreases rapidly. Nonetheless, this tendency is some-
what weakened between 1.013 and 1.225 THz. Within this
frequency range, ryx decreases but not significantly, and the
curve reaches its lowest point at 1.122 THz with an amplitude
of 0.887. However, the value of rxx increases rapidly and no
longer approaches the 0 reference line, reaching a value close to
0.4. By observing Fig. 2(b), the reflection amplitude and phase
difference trends can be obtained for u- and v-polarized waves,
respectively. The two reflection amplitude curves in Fig. 2(b)
exhibit a mutual fit, which satisfies the condition that the two
values are almost equal. (Due to the ohmic loss of the metal
resonator and the loss tangent of the dielectric substrate, the
fit of the curves is approximate at terahertz frequencies [43].)
The phase difference in the 0.725–1.013 THz and 1.225–
1.423 THz bands fulfills Eq. (13). From a phase point of view,

the PCR is guaranteed to be above 90% in the above two bands.
The above description is calculated by the PCR equation and
plotted as the blue curve in Fig. 3. In the two operating bands
(0.725–1.013 THz and 1.225–1.423 THz), it can be obviously
seen that the PCR closes to the reference line 1 virtually, which
reflects the superior polarization conversion effect. In contrast,
in 1.013–1.225 THz, the PCR is less than 0.9 and possesses
a certain polarization conversion capability. Therefore, the
improvement of the above-mentioned band is the optimization
target.

The modification is based on the use of the ATS technique.
Precisely, a certain number and radius of ATS are placed at
the edge of the intermediate media layer, as described in the
“Theoretical Model” unit. Here only one case with the holes
radius of 5 µm is discussed in depth. By comparing the curve of
rxx in Fig. 2(a) with that in Fig. 4(a), one noticeable difference
is that, in the “Linear” mode, two resonant frequency points
(located initially at 0.848 THz and 1.345 THz) have been
increased to three after optimization. Notably, the resonant
point at 1.41 THz impacts a wide range, which keeps the co-
polarized reflection amplitude surrounding this point at a low
value. As is known, the number of resonant frequency points
increases and remains somewhat close to each other, both of
which are conducive to the formation of the ultra-broadband
effect. Meanwhile, the ryx remains smooth and approaches the
value of 1 in 0.90–1.86 THz. Furthermore, at the ATS radius
of 5 µm, the phase difference curve fits more continuously and
tightly to the 180◦ standard line, as demonstrated by the blue
dashed lines in Fig. 4(b). While the curves of ruu and rvv are
consistent with the previous trend, both fit each other and satisfy
the conditions when the polarization conversion happens.
Likewise, the above variations and improvements are evident, as
can be noticed from the red curve in Fig. 3. Ultimately, the PCR
is maintained above 90% within 0.90–1.86 THz.

The surface current distributions of the resonant unit without
and with ATS at 1.122 THz are depicted in Fig. 5, separately.
The reason why the frequency point at 1.122 THz has been cho-
sen is to better emphasize and illustrate the optimizing effect of
the ATS as exhibited in Fig. 3. Since the current trends are essen-
tially the same for both structures at 1.122 THz, the analysis
will focus on the unit with ATS as shown in Figs. 5(c) and 5(d).
The current trends for each branch of the top resonant patches
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Fig. 4. (a) Reflected amplitudes in co-polarization (rxx) and cross-polarization (ryx) under the normal incidence of x -polarized wave, and (b) the co-
polarized reflected amplitudes and the phase difference under the normal incidence of u-and v-polarized waves of the metasurface with ATS.
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Fig. 5. Current distribution at 1.122 THz: (a) on the top resonant
patches without ATS, (b) on the bottom metal reflector without ATS,
(c) on the top resonant patches with ATS, and (d) on the bottom metal
reflector with ATS.

are indicated by the black arrows. The currents on the bottom
metal reflector are expressed by the same method as above. The
currents in the upper and bottom layers are in opposite orienta-
tions, thus forming a circulation in the intermediate dielectric
layer, which is in accordance with the right-hand rule and is
generated the magnetic dipole m. The corresponding magnetic
field H is oriented along the−u axis, which can be decomposed
into the xoy coordinate axis, i.e., H x and H y . Among them, the
magnetic field component H y , which is parallel to the direction
of the electric field (E ), results in the polarization conversion
from an x -polarized wave to a y -polarized wave. Moreover, it
can be observed that the current density and intensity vary due
to the addition of ATS. For the metasurface without ATS, some
current components along the positive direction of the u axis
are at the connections of the top resonant patch, as indicated
by the pink arrows in Fig. 5(a). They are useless for the forma-
tion of circulating currents. However, these unwanted current
components are weakened after adding the ATS, as displayed
in Fig. 5(b). In addition, by comparing Figs. 5(b) and 5(d), it
can be noticed that the addition of the ATS results in more con-
centrated and more robust current distributions on the bottom
metal reflector.

However, the phenomenon of magnetic resonance enhance-
ment due to ATS can also be well reflected in the magnetic field
distribution in the xoz plane. The strong magnetic field dis-
tribution can be found on all the metal resonant patches under
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Fig. 6. Magnetic field distribution in the xoz plane at 1.122 THz:
(a) metasurface without ATS; (b) metasurface with ATS.

the cross section by setting the observation section at the center
of the length of the unit. (It should be noted that, since the
currents outlined in the circles in Figs. 5(a) and 5(c) are not par-
ticipating in the magnetic resonance, their variation will not be
represented in the magnetic field distribution in the xoz plane.)
When the metasurface is without ATS, as shown in Fig. 6(a),
the magnetic field distribution is present in the intermediate
dielectric layer and affects the metal reflector uniformly, which
is significantly enhanced and converged due to the addition of
the ATS, as indicated in Fig. 6(b). The above-described phe-
nomenon can also be seen in the comparison between Figs. 5(b)
and 5(d).

The described ATS optimization technique will significantly
constrain more electric fields on the metal resonator, which
enhances the magnetic resonance strength along the diagonal
direction so that more of the incident field energy will be con-
verted by the metal structure into its cross-polarized form and
be reflected. In addition, the introduction of ATS will also bring
additional cavity resonances. In the coupling with the magnetic
resonances, it will further help in broadening the bandwidth
and PCR. For further visualization, the pictures of the electric
field distribution are introduced in Fig. 7. Figure 7(a) reveals
that the more active parts of the electric field are mainly con-
centrated in areas 2 and 3 of the “tree” structure. Areas 1 and 4
marked in the diagram show the comparatively weak state of
the electric field strength. However, for the unit with ATS, as
displayed in Fig. 7(b), the electric field intensity in the regions
5 and 8 corresponding to the regions 1 and 4 are enhanced, and
the color changes from the previous yellow to red. Therefore, it
can be concluded that the effect of polarization conversion has
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Fig. 7. Electric field distribution of the metasurface at 1.122 THz:
(a) without ATS and (b) with ATS. Electric field distribution in the
presence of the dielectric layer and the metal reflector only: (c) without
ATS and (d) with ATS.
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Fig. 8. Electric field distribution at 0.75 THz: (a) without ATS,
(b) with ATS. Current distribution at 0.75 THz: (c) on the top reso-
nant patches without ATS, (d) on the bottom metal reflector without
ATS, (e) on the top resonant patches with ATS, and (f ) on the bottom
metal reflector with ATS.

been improved due to the localized enhancement phenome-
non of the electric fields. The individual analysis of the ATS
in the local enhancement of the electric field distribution at
1.122 THz is displayed in Figs. 7(c) and 7(d) when the resonant
patch is removed. The electric field strength of the structure
without ATS in Fig. 7(c) is approximately 1.5× 105 V/m.
However, in Fig. 7(d), the electric field intensity in the regions
surrounded by the ATS is nearly double enhanced to approx-
imately 2.9× 105 V/m. Such phenomena fully demonstrate
the effectiveness of ATS on near-field localization. The increase
in electric field strength will lead to a further enhancement of
the polarization conversion after adding the metal resonator,
which is confirmed in the result of the PCR in Fig. 3. The
increase in electric field strength leads to an enhancement of
the operating effect (i.e., the reflection or the polarization
conversion of EMWs) for the present structure at different
frequencies, as displayed in Figs. 8 and 9 at 0.75 THz and
1.75 THz, respectively.

The proposed metasurfaces with and without ATS at
0.75 THz exhibit different operating states, as shown in Fig. 3,
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Fig. 9. Electric field distribution at 1.75 THz: (a) without ATS,
(b) with ATS. Current distribution at 1.75 THz: (c) on the top reso-
nant patches without ATS, (d) on the bottom metal reflector without
ATS, (e) on the top resonant patches with ATS, and (f ) on the bottom
metal reflector with ATS.

i.e., the metasurface without ATS carries out the highly effi-
cient polarization conversion while the metasurface with ATS
undergoes the reflection of EMWs. As shown in Figs. 8(a) and
8(b), there are significant enhancements of the electric field at
0.75 THz in regions 1 and 3 compared to regions 2 and 4 due to
the addition of the ATS, which contributes to the polarization
conversion. In Figs. 8(c) and 8(d), the currents are in the oppo-
site directions to form the loops and, thus, produce the magnetic
resonances that allow for the polarization conversion. In con-
trast, in Figs. 8(e) and 8(f ), the current distribution is too weak
to generate an effective magnetic resonance, and the current
density and intensity on the bottom metal reflector are signifi-
cantly greater than the current on the resonant patch so that the
metasurface with ATS at 0.75 THz produces the predominantly
highly reflection. At this point, the ATS mainly enhances and
concentrates the energy of the electric field involved in the
reflection.

The situation is different at 1.75 THz. The metasurface with
ATS carries out the highly efficient polarization conversion
while the metasurface without ATS undergoes the reflection of
EMWs. The surface currents on the metasurface without ATS
are quite weak and spurious, whereas the strong currents are
present on the metasurface with ATS, especially in the marked
region. However, since the currents in the resonant patch and
the metal reflector are parallel and in the same direction as
displayed in Figs. 9(e) and 9(f ), the electrical resonance occurs
instead of the magnetic resonance. In addition, the electric field
that is conducive to the polarization conversion is enhanced by
the constraint of ATS, as indicated by the areas marked using the
circles in Figs. 9(a) and 9(b). The areas with the strong electric
field energy (areas 1, 3, and 7) are expanded as displayed in
areas 2, 4, and 8, while area 5, where the electric field is weak,
has undergone a substantial increase in the electric field energy
under the action of the ATS as shown in area 6. In summary,
the ATS structure concentrates and intensifies the electric field,
whether the metasurface is operating at the frequency of EMW
reflection or at that of polarization conversion.

In operational or natural conditions, the incident wave is not
sufficiently guaranteed to be incident normally on the surface
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Fig. 10. Analysis of angular stability: (a) spectra of PCR for various incident angle without ATS; (b) spectra of PCR for various incident angle
with ATS.

of the device, which is why the angular stability of the device
is exceptionally critical. A comparison of the angular stabil-
ity will be conducted here between the metasurface without
and with ATS (r = 5 µm). Figure 10(a) delineates the angu-
lar stability of the metasurface without ATS, and the red and
blue dashed lines label the areas of PCR > 0.8 and PCR > 0.9
separately. First of all, the bandwidth of PCR > 0.8 remains
essentially constant when the incidence angle is altered from
0◦ to 50◦. Even a new resonance point is isolated from 23◦ to
42◦. All of the above are excellent, and it tentatively indicates
that the metasurface without ATS has a certain angular stabil-
ity. Furthermore, the two narrowbands with PCR > 0.9 vary
marginally at incidence angles of less than 43◦. In detail, the
narrowband at 0.725–1.013 THz widens, and the operating
band at 1.225–1.423 THz becomes narrower progressively
and slightly. However, at incidence angles over 43◦, the original
0.725–1.013 THz band shrinks promptly.

The variation of the PCR on the metasurface after the addi-
tion of ATS is observed in Fig. 10(b) when the incidence angle
changes. The operating band in the 0.90–1.86 THz maintains
stability when illuminating incident light at less than 23◦. Yet, at
more than 23◦, a deterioration of the PCR exists at 1.07 THz. It
means that, at 1.07 THz, the ability of polarization conversion
continuously diminishes as the incidence angle continues to
rise. The value of PCR is not only lower than 0.9 at 23◦ but
also less than 80% at 40◦. Moreover, the range affected by
the deterioration of the above-mentioned frequency point is
gradually widened. Simultaneously, a slight constriction of the
frequency range at high frequencies is noted at incidence angles
exceeding 40◦.

The discussion of structure parameters is essential. Hence, the
radius r of the ATS, which most highlights the ATS technique,
is adopted for discussion here. To start with, when r = 3 µm,
three resonant frequencies exist at 0.833 THz, 0.987 THz, and
1.405 THz, respectively. The frequency originally situated at
0.833 THz gradually blueshifts with the increase of r . When
the radius reaches 5 µm, this point has moved to 0.942 THz
(as marked in sign ¬). The same trend occurs at the frequency
point initially placed at 0.987 THz. The slight difference is that
the blueshifts for this frequency are somewhat stronger and shift
to 1.245 THz as soon as r reaches 4.5 µm [as illustrated by the

purple dashed line in Fig. 11(b)]. At r = 5 µm, what is note-
worthy is that the described second frequency is amalgamated
with the third one at 1.405 THz, where the third frequency
produces essentially no frequency shift and the rxx changes from
−26.299 dB to −31.375 dB (as marked in signs ­ and ®).
For the first two resonant points, the inconsistency in the speed
of the blueshift causes the distance between the two points to
grow further apart. The phenomenon means a certain degree
of depression in the PCR curve occurs with the increase of r , as
displayed in Fig. 11(a).

Meanwhile, a fresh resonant frequency point emerges at
1.850 THz (as marked in sign ¯), which exhibits that the ampli-
tude of rxx is equal to −15.197 dB at r = 5 µm. According to
Eq. (3) derived in the preceding section, the resonant frequency
point where the amplitude of rxx lies less than−10 dB is a critical
factor to affect PCR > 90%. From the PCR perspective, as dis-
played in Fig. 11(a), the continuous raising of the last frequency
point in PCR drives the interconnection between medium and
high frequencies and ultimately achieves the technical target of
broadening the working band. Based on the above assessment,
r = 5 µm is chosen with the operating band of 0.90–1.86 THz.

In addition to considering the radius (r ) of the ATS, sub-
sequently, the variation in the thickness (h) of the media layer is
analyzed briefly (in the case of r = 5 µm). Observing the evolu-
tion of the rxx curves, as displayed in Fig. 11(d), one distinctive
feature is that the resonance point situated around 0.94 THz
decreases gradually with the increase of h . The rxx at 1.84 THz
conforms to a trend of first decreasing and then increasing.
The above two resonance points differ in that the point at low
frequencies constantly remains below −10 dB. Yet, at the high
frequencies area, the rxx at near 1.84 THz is above−10 dB after
h > 30 µm. All of the foregoing is evident in the changes in the
PCR curves that are shown in Fig. 11(c). Furthermore, due to
the thickening of the dielectric layer, the resonance point at the
mid-frequency produces a certain degree of red shift (as marked
in sign ­). The broadband effect is created from resonance
points close to each other. And conversely, if the two resonance
frequencies lie far apart, the PCR curve can be somewhat con-
cave. Thus, broadening the operating band can be accomplished
when the resonance points are at appropriate frequencies. On
the basis of the above assessment, h = 30 µm is chosen as the
best parameter with the operating band of 0.90–1.86 THz.



2580 Vol. 39, No. 10 / October 2022 / Journal of the Optical Society of America B Research Article

Fig. 11. PCR and co-polarized reflection amplitude (magnitude in dB) varied with different structure parameters r and h : (a) PCR varied with r ,
(b) co-polarized reflection amplitude varied with r , (c) PCR varied with h , and (b) co-polarized reflection amplitude varied with h .

4. CONCLUSION

To summarize, this paper presents a novel method to improve
polarization conversion performance by utilizing ATS struc-
tures, and a metasurface with ATS is proposed based on this
method. Ultimately, at r = 5 µm, for the ATS, the standard
of PCR > 90% can be attained in the operating band of 0.90–
1.86 THz. The RB at this point reached 69.6%, which met
the evaluation criteria for ultra-broadband. In this paper, the
polarization conversion principle is explained through equation
derivation and surface current analysis. Furthermore, the angu-
lar stability and several essential parameters are also contrasted
and debated in a targeted manner. The proposed metasurface
has promising applications in radar, communications, and
imaging technology.
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